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ABSTRACT 
The web crippling strength of cold-formed steel beams was 
investigated experimentally. In this investigation, due considera-
tion was given to the possible influence of bending moment and shear 
force on the web-crippling loads. 
For the subject of web crippling strength, the study involved 
the testing of 140 built-up beams having single unreinforced webs and 
152 I-beams having double webs. In addition, 66 beam tests were 
conducted for the case of combined bending moment, shear and web 
crippling. 
The experimental results obtained from the beam tests conducted 
at the University of Mlssouri-Rolla and the early tests performed 
previously at Cornell University were carefully evaluated for various 
loading conditions. Consequently, design formulas were derived 
on the basis of the available test data by using a regression 
analysis. These equations can be used to predict the web crippling 
loads of cold-formed steel beams when they are subjected to 
concentrated loads and/or reactions. The interaction formulas 
derived from this study reflect the influence of bending moment on 
the web strength against crippling. 
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PREFACE 
During the past thirty years, thin~alled cold-formed steel 
structural members have been widely used in building construction 
because they can provide economical design for relatively light loads 
and/or short spans. Recently, cold-formed steel sections have been 
used extensively in preengineered standardized metal buildings and 
industrialized housing (7,8). 
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In the United States and some other countries, the design of 
cold-formed steel structural members is based on the Specification 
issued by the American Iron and Steel Institute (AISI) (3). For the 
design of beam webs, Sections 3.4 and 3.5 of the AISI Specification 
provide the design criteria for shear stress, bending stress, combined 
bending and shear stress, and web crippling. The reasons behind, and 
justification for the various provisions of the Specification are 
discussed by Dr. Winter in his Commentary on the 1968 Edition of the 
AISI Specification (6) • 
During the past decade numerous new types of cold-formed steel 
sections have been developed for use in building construction and 
other purposes. The design of such unusual shapes may be beyond the 
original scope of Sections 3.4 and 3.5 of the Specification. For this 
reason a research project on '~ebs for Cold-Formed Steel Flexural 
Members" was initiated in 1973 at the University of Missouri-Rolla 
(UMR) under the sponsorship of the American Iron and Steel Institute 
to study the strength of beam webs subjected to bending stress, shear 
stress, crippling load and combinations thereof. 
The structural behavior of cold-formed steel beam webs in 
bending, shear, and a combination of bending and shear was studied by 
LaBoube under the direction of Dr. Wei-Wen Yu. His findings on these 
three areas were summarized in Ref. 2. In the second phase of this 
overall research project on beam webs, 140 built-up beam specimens 
having single unreinforced webs and 152 I-beams having double webs 
were tested for a study of the web crippling strength. The influence 
of bending moment on the web crippling load was investigated experi-
mentally by the testing of 18 beams having single unreinforced webs 
and 48 !-beams subjected to combined bending moment and web 
crippling (1). 
This dissertation contains four papers and three appendices. 
The first paper deals with the web crippling strength of cold-formed 
steel beams having single unreinforced webs such as channels, zees, 
and hat sections. The second paper presents a study of the web 
crippling loads of I-beams which provide a high degree of restraint 
against rotation. For the combined bending and web crippling an 
interaction equation was derived from the test results of the beams 
having single unreinforced webs and is presented in the third paper. 
Finally, the interaction between the bending moment and web crippling 
of !-beams is discussed in the fourth paper with a design formula 
derived from the I-beam tests. In this particular study, some of the 
Cornell tests conducted previously by Dr. Winter and his associates 
were used for the derivation of design formulas (4,5). 
The actual measured dimensions and the pertinent parameters of 
beam specimens used in this investigation are presented separately 
v 
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in Appendices A and B. Appendix C contains a brief discussion of the 
deformation measurements of web elements. 
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WEB CRIPPLING STRENGTH OF COLD-FORMED STEEL 
BEAMS HAVING SINGLE UNREINFORCED WEBS 
By Nipon Hetrakul and Wei-Wen Yu 
ABSTRACT 
The bearing capacities of cold-formed steel beam webs subjected 
to concentrated loads and reactions at interior or end supports are 
governed by the web strength against crippling. The failure of web 
elements usually occurs at the conjunction of the flange and web in 
the vicinity of the bearing plates. Based on the results of 140 beam 
tests conducted at the University of Missouri-Rolla and 112 beam 
tests previously performed at Cornell University, modified empirical 
formulas have been developed to predict the ultimate bearing strength 
of beam webs against web crippling. 
1 
KEYWORDS: webs; bearing capacity; cold-formed steel; beam (structural) 
plates (structural members); buckling; web slenderness 
ratio; tests; moment 
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WEB CRIPPLING STRENGTH OF COLD-FORMED STEEL 
BEAMS HAVING SINGLE UNREINFORCED WEBS 
By Nipon Hetrakul1 and Wei-Wen Yu, 2 F. ASCE 
INTRODUCTION 
Since the early 1940's, thin walled, cold-formed steel 
structural members have become very popular in building construction 
and other areas (15,18), because they can provide a high strength 
to weight ratio. In addition they can be easily mass produced and 
readily prefabricated. During the past decade, various new types 
of cold-formed steel sections have been widely used in building 
construction. Some of the unusual designs may be beyond the original 
scope of the Specification issued by the American Iron and Steel 
Institute (AISI) (10). For this reason, a research project on webs of 
cold-formed steel flexural members has been initiated at the University 
of Missouri-Rolla (UMR) under the sponsorship of the Institute to 
investigate the structural behavior of beam webs subjected to bending 
stress, shear stress, combined bending and shear stress, web crippling, 
and combined web crippling and bending. This basic information was 
used to develop additional design provisions as necessary. 
~esearch Assistant, Department of Civil Engineering, University of 
Missouri-Rolla, Rolla, Missouri. 
2Professor of Civil Engineering, University of Missouri-Rolla, Rolla, 
Missouri. 
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The structural behavior of cold-formed steel beam webs subjected 
to bending, shear, and a combination of bending and shear was studied 
in the first phase of this project with the research findings being 
reported by LaBoube and Yu (5-8). This paper is related to the 
investigation of web crippling loads of cold-formed steel beams having 
single unreinforced webs. In this phase of the study, a total of 140 
beams were tested at the University of Missouri-Rolla (UMR). From the 
results of the UMR tests and the data obtained from 112 Cornell tests 
presented in two progress reports (12) and discussed in a paper by 
Zetlin (19), modified empirical formulas were developed. These 
formulas, which are discussed in this paper, predict the ultimate 
loads against web crippling. The research findings concerning the web 
crippling and bending for both single unreinforced webs and !-beams 
can be found in the reports of Hetrakul and Yu (2,3). 
LITERATURE REVIEW 
The buckling problem of a simply supported rectangular plate 
compressed by two equal opposite concentrated forces has been studied 
by many investigators (4,11,13,16,17). In 1910, Timoshenko developed 
an approximate solution for the critical buckling load and obtained 
the buckling coefficients, K, for both simply supported and clamped 
plates by using the strain energy approach (13). 
In the 1950's, the problem of web crippling of cold-formed 
steel beams having single unreinforced webs was studied analytically 
and experimentally at Cornell University by Winter and Zetlin (12,19). 
Empirical formulas have been developed from the test results to predict 
the web crippling loads. These formulas have been used to develop the 
current AISI design criteria. Recently, additional work has been 
conducted by Swedish investigators to study the web crippling loads 
for sheet metal panels (1). 
A theoretical analysis of the actual bearing behavior of cold-
formed steel beam webs that are subjected to concentrated loads and 
reactions is extremely complex, because it involves a combination of 
nonuniform stress distribution under the applied load, elastic and 
inelastic instability of the web element, local yielding in the 
immediate region of the applied load, and bending produced by the 
eccentric load (or reaction) when it is applied to the bearing flange 
at a distance beyond the curved transition of the web (14). For these 
reasons the design criteria for web crippling are based on the 
empirical formulas, even though some additional analytical studies 
have been made since 1953 by several investigators for reinforced 
4 
and unreinforced plates subjected to partial edge loading (9,16,17,19). 
EXPERIMENTAL INVESTIGATION 
The objective of the present experimental study is to determine 
the web crippling loads for cold-formed steel beams fabricated from 
a relatively thin and/or high strength material. These test data 
can be used to develop additional design formulas as necessary and to 
provide the needed background information for combined web crippling 
and other stresses. 
In this investigation, 140 specimens with stiffened and un-
stiffened flanges were tested under the following four loading 
conditions: 
a. Interior one-flange loading: 38 specimens 
b. End one-flange loading: 42 specimens 
c. Interior two-flange loading: 30 specimens 
d. End two-flange loading: 30 specimens 
Figure 1 is an illustration of the various loading conditions used. 
All the test specimens were fabricated from channel sections as 
shown in Fig. 2. These sections were braced by 3/4 x 3/4 x 1/8 in. 
(19.05 x 19.05 x 3.23 mm) angles at the compression flanges and by 
5 
1/8 x 3/4 in. (3.23 x 19.05 mm) rectangular bars at the tension flanges. 
Self-tapping screws were used for connectors. The intervals of the 
braces were spaced so that the lateral buckling of each individual 
channel section was prevented. 
The measured cross-sectional dimensions and the pertinent 
parameters of all the beam specimens are given in Tables A.l and B.l 
of Appendices A and B in Ref. 3. Figure 3 shows the configurations 
of hat sections used for the Cornell study. 
All the specimens were tested in a 10,000-pound (44.5 kN) Tinius 
Olsen beam testing machine. The following discussion deals with the 
test setup and test procedure used in this experimental investigation. 
(i) Test Setup 
Interior One-Flange Loading: Thirty-eight specimens were 
tested under an interior one-flange loading condition. Each specimen 
was tested as a simply supported beam under a concentrated load at 
midspan. As shown in Fig. l(a), large bearing plates were used at 
both ends to ensure that web crippling would not occur at the end 
supports of the beam. In order to minimize the effect of two-flange 
action, the clear distance between the bearing plates was either 
greater than or equal to 1.5 h; h is the depth of the web element. 
End One-Flange Loading: Forty-two specimens were tested under 
an end one-flange loading condition. As shown in Fig. l(b), the test 
setup used for this series was the same as that for the interior 
one-flange loading except that the failure occurred attheend support 
rather than at the location under the concentrated load. See Fig. 4 
for some details of the test setup. 
Interior Two-Flange Loading: Thirty specimens were tested under 
an interior two-flange loading condition. Each beam specimen was 
tested by using the bearing plates above and below the beam specimen 
at mid-length as shown in Fig. l(c). 
6 
End Two-Flange Loading: Thirty specimens were tested under an 
end two-flange loading condition. The bearing plates were placed above 
and below the beam at one end of the specimen. 
(ii) Test Procedure 
During the test, loads were applied manually with an increment 
of 15% of the predicted ultimate load. 
The initiation of web crippling was observed visually with the 
aid of a straight edge. For each test, the profiles of two webs were 
measured 1) before the load was applied, 2) at approximately one-half 
of the predicted ultimate load, and 3) after failure. This was done 
by measuring the distance between the beam webs and the vertical 
reference plates, which were attached to the testing machine. 
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RESULTS OF TESTS 
After failure of each specimen, the ultimate load for web crippling 
was recorded. The test data are presented in Tables l(a) through l(d). 
In these tables, (Pu)t is the tested ultimate load that caused web 
crippling, M is the bending moment computed on the basis of the load 
(Pu)t, and Vis the shear force in the beam specimen and is equal to 
For the case of the interior one-flange loading condition, 
Table l(a) includes only those test specimens for which the actual 
bending moment is not more than 30% of the maximum moment capacity of 
the section, i.e. M/M < 0.300. This is due to the fact that a review 
u-
of Refs. 1 and 2 indicates that when M < 0.3 M , the web crippling 
u 
load is not significantly affected by the bending moment. The results 
of tests for M/M > 0.300 have been discussed in refs. 2 and 3 for the 
u 
case of a combination of web crippling and bending moment. For this 
case the interaction between web crippling and bending has been studied 
in detail. 
In the above discussion, the ultimate moments, M , of the beam u 
specimens were determined for the strengths of flanges and webs as 
follows: 
1. Ultimate Moment of the Entire Section Governed by the 
Strength of the Flanges 
For beams with stiffened compression flanges, consideration 
was given to the postbuckling strength of stiffened compression 
flanges and the effect of shear lag as indicated in Eqs. (1) and (2), 
respectively. 




computed ultimate moment 
on the effective area of 




of each channel that is based 
the stiffened compression 
the tension flange and web, 
computed ultimate moment of each channel that is based 
8 
on the shear lag consideration for both compression and 
tension flanges combined with the full area of the web, 
inch-kips; 
S = section modulus of each channel that is based on the 
X 
effective width of the compression flange determined 
in accordance with Section 2.3.1.1 of the AISI Specifi-
cation (10) and full widths of the tension flange and 
3 web, inches ; 
S' = section modulus of each channel that is based on the 
X 
shear lag consideration, (i.e., use the effective 
widths of both compression and tension flanges in 
accordance with Section 2.3.5 of the AISI Specification), 
and the full area of the webs, inches
3
; 
F = yield point of steel, kips per square inch. 
y 
For beams having unstiffened compression flanges, the ultimate 
moment of the specimen was determined by the reduced stress method in 
accordance with Section 3.2 of the AISI Specification. The safety 
factor used in this study is 1.67, i.e., 
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(3) 
where (Mu)f3 = computed ultimate moment of each channel that is based 
on the full area of flange and web, inch-kips; 
(S ) · = section modulus of each channel that is based on the x full area 
full widths of both compression and tension flanges 
combined with the full area of the webs, inches3 ; 
Fe = allowable stress for unstiffened compression elements 
that is determined in accordance with Section 3.2 of 
the AISI Specification, kips per square inch. 
The same formula (Eq. (2)) was used for the consideration of 
shear lag. 
2. Ultimate Moment of the Entire Section Governed by the Bending 
Strength of the Webs 
The bending strength of beam webs has recently been studied at 
UMR. Based on the research findings reported by LaBoube and Yu (5,6), 
Eq. (4) can be used to determine the ultimate moment of beams having 
stiffened and unstiffened compression flanges. In this method, the 
postbuckling strength of beam webs is recognized as indicated below: 
(M ) = S"F <P u w x cr (4) 
where (M ) = computed ultimate moment of each channel that is based 
u w 
on the effective area of the compression flange combined 
with the full areas of the tension flange and web, 
inch-kips; 
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S" = section modulus of each channel that is based on the full 
X 
widths of the tension flange and web and the effective 
width of the compression flange that is determined on the 
basis of Section 2.3.1.1 of the AISI Specification by 
using f = 0.60 F or 0.60 F , whichever is smaller, cr y 
. h 3 
~nc es ; 
F = critical bending stress in webs, kips per square inch, 
cr 
k' = buckling coefficient, 
= 4 + 2(l+B) 3 + 2(1+8); 
8 = lf/fcl; 
f = maximum compressive bending stress in webs, kips per 
c 
square inch; 
ft = maximum tensile bending stress in webs, kips per square 
inch; 
E = modulus of elasticity, 
= 29.5 x 103 kips per square inch; 
~ = Poisson's ratio, 
= 0.30; 
h/t = web slenderness ratio or depth to thickness ratio of the 
web; 
<P = post buckling strength factor for the web, 
= a.la.2a.3a.4; 
a.l = 0.017 X h/t - 0.790; 
a.2 = 0.462 X f /f + 0.538; c t 
u3 = 1.16 - 0.16 x (w/t)/(w/t)lim, for stiffened compression 
flange, with (w/t)/(w/t)
1
. < 2.25, 
~m -
= 0.838- 0.0191 x (w/t)/(w/t) 1 . , for unstiffened 1m 
compression flange with (w/t) < 60; 
u = 0.561 X F /33 + 0.10. 4 y 
The values of the computed ultimate moment, M , listed in Table l(a) 
u 
is the smallest bending moment computed from Eqs. (1) through (4). 
As far as the effect of shear on the possible reduction of web 
crippling load is concerned, the ultimate shear force, V , for each 
u 
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specimen was computed on the basis of shear yielding or shear buckling. 
These values are also presented in Tables l(a) and l(b). Details of 
the calculations have been given in Refs. 2 and 5. 
As indicated by the research findings presented in Ref. 2, the 
web crippling load is reduced whenever the bending moment exceeds 30% 
of the maximum moment capacity; however, the web crippling capacity 
is not significantly affected by shear for the tests conducted in the 
present investigation. 
EVALUATION OF TEST RESULTS 
The test results presented in Tables l(a) through l(d) have been 
carefully evaluated. During the evaluation, it was realized from 
Refs. 10, 12, 14, and 19 that the ultimate web crippling strengths 
of cold-formed steel beams having single unreinforced webs depend 
primarily on t, N/t, h/t, R/t, and F • In these parameters, h is y 
the clear distance between the flanges measured along the plane of 
the web, N is the length of the bearing plate, R is the inside bend 
12 
corner radius of the channel section, t is the thickness of the steel 
sheet, and F is the yield point of the steel. Table 2 summarizes the 
y 
numerical values of the dimensions and parameters used in the UMR 
tests. The major differences between the Cornell and UMR tests are 
the thickness of material and the web slenderness ratio, h/t. In the 
UMR tests, the large h/t ratios were used to develop the necessary 
information for a possible extension of the current h/t limit beyond 
150. 
Evaluation of the results of 252 Cornell and UMR tests indicates 
that the formulas given in the Cornell test report (12) with minor 
modifications can be applied to thin sections and beams with h/t ratios 
larger than 150. Based on the available test data, the following 
formulas have been developed on the basis of a linear estimation 
of least squares. 
1. Interior One-Flange Loading (for beams having stiffened 






= ---3 c1c2[16317+113(N/t)-O.l5(N/t)(h/t) 10 
-22(h/t)] (5) 




(P') = ____:y_ C C [10423+106(N/t)..;O.I9(N/t){h/t) 
u c 103 3 4 
-18(h/t)] (6) 










F :::; --1 c1c2 [23356+30(N/t)-O.Q9(N/t)(h/t) 
10 
-69(h/t) J (8) 
4. End Two-Flange Loading (for beams having stiffened and 
unstiffened flanges) 
(P') :::; same as Eq. (7) 
u c 
in which (P') =predicted ultimate web crippling loads, kips 
u c 
per web; 
c1 :::: (1. 22-0.22 k); 
c2 = (1.06-0. 06 n) 
c = 3 (1. 33-0. 33 k); 
c = 4 (1.15-0 .15 
k = F /33; 
y 





It should be noted that Eqs. (5) through (8) can be used for beam 
webs having h/t ratios up to 250. The reason for using different 
formulas for one-flange and two-flange loading conditions is mainly 
due to the change of failure modes for beam webs having large h/t 
ratios. In addition, it has been found necessary to use different 
formulas for beams having stiffened and unstiffened flanges when they 
are subjected to end one-flange loading. 
The predicted ultimate loads, (P') , computed from Eqs. (S) 
u c 
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through (8) are presented in Tables l(a) to l(d). Also listed in these 
tables are the ratios of (P ) /(P') for the UMR tests. They are u t u c 
presented for the purpose of comparison. Figures 5 through 9 graphi-
cally compare the tested and the computed web crippling loads. The 
mean values of the ratios (P ) /(P') and their standard deviations 
u t u c 
are discussed below. 
1. Interior One-Flange Loading 
For interior one-flange loading, the mean value of (P) /P') for 
u t u c 
the UMR tests is equal to 1.040 and a standard deviation of 0.081 
for specimens having h/t ratios from approximately 95 to 254. These 
tests are listed in Table l(a). The graph in Fig. 5 compares the 
tested and computed web crippling loads on the basis of Eq. (5). 
It can be seen that the differences between (P ) and (P') for the 
u t u c 
Cornell and UMR tests are within ± 20% for the range of h/t ratios 
used in the investigation. 
2. End One-Flange Loading 
For this particular case, a study of the Cornell report (12) 
reveals that specimens with stiffened and unstiffened flanges differ 
considerably in their load-carrying capacity against web crippling. 
In the UMR investigation, two formulas were evaluated separately 
for the beam specimens having stiffened and unstiffened flanges. 
These evaluations were based on the results obtained from the 
Cornell tests (12) and the UMR tests. 
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By using the values presented in Table l(b), the mean value of 
(P ) /(P') for the UMR beam specimens with stiffened flanges contacted u t u c 
with bearing plates is equal to 0.970 with a standard deviation of 
0.084. For specimens with unstiffened flanges, the mean value of 
(Pu)t/(P~)c is 0.986 with a standard deviation of 0.062. The over 
all mean value for both types of flanges is 0.973 with a standard 
deviation of 0.081. Both cases are graphically compared in 
Figs. 6 and 7. The tested and computed values compare favorably. 
3. Interior Two-Flange Loading 
For interior two-flange loading, the mean value of (P ) /(P') 
u t u c 
ratios listed in Table l(c) for 30 test specimens is 1.007 with a 
standard deviation of 0.110. The tested and computed values are 
compared graphically in Fig. 8. All tested and computed values are 
within ± 20%. 
4. End Two-Flange Loading 
For the case of end two-flange loading, the mean value of 
(P ) /(P') was found to be 0.923 with a standard deviation of 0.097. 
u t u c 
See Table l(d). This low average value is due to the fact that the 
web crippling loads for end two-flange loading were computed by 
using Eq. (7), which was developed for end one-flange loading. The 
tested and predicted web crippling loads are compared in Fig. 9. 
In addition to the conventional tests discussed above, four 
modified tests (M-SU-6'-IOF-1 to M-SU-6'-IOF-6) for interior one-
flange loading and eight modified tests (M-SU-4-EOF-1 to M-SU-6'-EOF-6) 
for end one-flange laoding were conducted. For all these special 
tests, the beam flanges were fastened with machine bolts to the 
16 
bearing plates. Because of the additional restraint provided by the 
beam flange, slight improvements in the web crippling loads were noted 
for the 12 specimens tested. From Tables l(a) and l(b), it can be seen 
that the ratios of (P ) /(P') range from 0.922 to 1.175. 
u t u c 
Deformed web profiles and photographs of failure modes for 
different loading conditions were presented in Ref. 2. 
SUMMARY 
The web crippling strength of cold-formed steel beams having 
single unreinforced webs was investigated. A total of 140 beam 
specimens were tested at the University of Missouri-Rolla in this 
phase of the overall study of beam webs. Based on the results 
of the UMR tests and the data from 112 tests conducted previously 
at Cornell University, modified empirical formulas were developed 
and are presented in this paper for prediction of the ultimate 
loads against web crippling. 
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APPENDIX !I.--NOTATION 
The following symbols are used in this paper: 
c1 , c3 = correction factors for yield point of steel; 
c2, c4 = correction factors for corner radius; 
E = modulus of elasticity, kips per square inch; 
20 
F = critical bending stress in web, kips per square inch; cr 
F = yield point of steel, kips per square inch; 
y 
F =allowable stress for unstiffened compression elements, 
c 
kips per square inch; 
f = maximum compressive bending stress in web, kips per 
c 
square inch; 
f = maximum tensile bending stress in web, kips per 
t 
square inch; 
h = clear distance between flanges measured along the 
plane of web, inches; 
k' =buckling coefficient in bending; 
k = F /33; 
y 
M = tested bending moment, per channel, inch-kips; 
(Mu)fl to (Mu)f
3 
= computed maximum moment of each channel section 
governed by the strength of flanges, inch-kips; 
(M ) = computed maximum moment of each channel section 
uw 
governed by bending strength of the web, inch-kips; 
M = computed maximum moment, per channel, irlch-kips; 
u 
N = length of bearing plate, inches; 
n = inside bend corner radius to thickness ratio; 
(P ) = tested web crippling load, per web, kips; 
u t 
(P~)c = predicted ultimate load, per web, kips; 
R = inside bend corner radius of channel section, inches; 
S S' S" = computed section modulus, cubic inches; x' x' x 
(Sx)full area= computed section modulus based on full area, cubic 
inches; 
t = thickness of base material, inches; 
V = tested shear force, per web, kips; 
V = computed maximum shear force, kips; 
u 
w = flat width of the compression flange, inches; 
a
1 
= postbuckling factor for h/t; 
a2 = postbuckling factor for lfc/ftl; 
a
3 
= postbuckling factor for (w/t)/(w/t)lim; 
a4 = postbuckling factor for FY; 
s = lft/f I; . c 
~ = Poisson's ratio; 
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Case a, Interior One- Flanoe 
Based on Eq. (5) 
( P ~ )c, kips 
Fig. 5 
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COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
INTERIOR ONE-FLANGE LOADING, SINGLE UNREINFORCED WEBS 
Test Data, per channel Computed Data, per channel M 
(Pu>t• in (P~)c, in 1'fu, in 
-
M, in v, in Vu, in M 
kips inch-kips kips kips inch-kips kips u 
(2) (3} (4} (5) (6} (7} (8) 
1.260 11.97 0.630 1.122 59.31 1.923 0.202 
1.175 11.16 0.588 1.102 58.07 1.854 0.192 
1.450 13.78 0.725 1.453 60.57 1.980 0.228 
1.385 13.16 0.693 1.420 59.65 1.921 0.221 
1.145 12.60 0.573 1.081 72.88 1.685 0.173 
1.305 14.36 0.653 1.140 75.95 1.794 0.189 
1.385 15.24 0.693 1.286 70.25 1.587 0.217 
1.455 16.01 0. 728 1.349 73.03 1.685 0.219 
1.403 8.766 0.702 1.528 46.32 3.300 0.189 
1.480 9.250 0.740 1.577 46.77 3.449 0.198 
1.750 10.94 0.875 1.753 46.72 3.401 0.234 
1.830 11.44 0.915 1. 791 47.12 3.510 0.243 
2.080 13.00 1.040 1.986 46.81 3.487 0.278 
1.835 11.4 7 0.918 1.968 46198 3.464 0.244 
1.480 9.250 0.740 1.502 62.93 3.021 0.147 
1.580 9.875 0. 790 1.515 63.35 3.011 0.156 
1.890 11.81 0.945 1.657 62.30 2.929 0.196 
1.815 11.34 0.908 1.659 63.07 2.950 0.180 
2.085 13.03 1.043 1.805 61.73 2.872 0.211 
1.890 11.81 0.945 1.901 63.35 3.074 0.186 
1.650 10.31 0.825 1.514 63.42 3.051 0.163 
1.643 10.27 0.822 1.501 63.67 3.016 0.161 

























COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
INTERIOR ONE-FLANGE LOADING, SINGLE UNREINFORCED WEBS 
(Continued) 
Specimen Test Data, per channel Computed Data, per channel 






U-SU-17-IOF-6 1. 525 
U-SU-18-IOF-S 1.690 
U-SU-18-IOF-6 1.465 
















0.750 1. 716 
0. 763 1. 717 
0.845 1.458 
0.733 1.454 
Notes: 1. 1 kip • 4.45 kN; 1 in.-kip • 113 N-m. 
2. For designation of specimens, see Refs. 2 and 3. 







































COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
END-oNE FLANGE LOADING SINGLE UNREINFORCED WEBS 
Test Data, Computed Data, 
(Pu)t 
Specimen No. per web per web v (Pu)t, in V, in (P~) c' in Vu, in v (P ') 
kips kips kips kips u u c 
(1) (2) (3) (4) (5) (6) (7) 
SU-1-EOF-1 0.575 0.288 0.537 1.875 0.167 1.071 
SU-1-EOF-2 0.505 0.253 0.554 1.918 0.174 0.912 
SU-1-EOF-5 0.650 0.325 0.790 2.042 0.159 0.823 
SU-1-EOF-6 0.620 0.310 0.783 2.169 0.190 0.800 
SU-2-EOF-1 0.495 0.248 0.498 1.644 0.151 0.994 
SU-2-EOF-2 0.505 0.253 0.482 1.595 0.159 1.047 
SU-2-EOF-5 0.560 0.280 0.644 1.589 0.176 0.870 
SU-2-EOF-6 0.560 0.280 0.607 1.500 0.187 0.922 
SU-4-EOF-1 0.898 0.449 0.934 3.978 0.113 0.961 
SU-4-EOF-2 0.905 0.453 0.962 3.970 0.114 0.941 
SU-4-EOF-3 1.038 0.519 1.077 3.879 0.134 0.964 
SU-4-EOF-4 1.000 0.500 1.066 3.845 0.130 0.938 
SU-4-EOF-5 1.125 0.563 1.260 3.966 0.142 0.893 
SU-4-EOF-6 1.105 0.553 1.201 3. 722 0.149 0.920 
SU-5-EOF-1 0.880 0.440 0.889 3.389 0.130 0.990 
SU-5-EOF-2 0.838 0.419 0.928 3.522 0.1o9 0.903 
SU-5-EOF-3 0.990 0.495 1.061 3.479 0.142 0.933 
SU-5-EOF-4 0.970 0.485 1.010 3.376 0.144 0.960 
SU-5-EOF-5 1.006 0.503 1.193 3.403 0.148 0.843 
SU-5-EOF-6 1.068 0.534 1.167 3.303 0.162 0.915 
SU-6'-EOF-1 0.888 0.444 0.836 2.808 0.158 1.062 
SU-6'-EOF-2 0.875 0.438 0.801 2.787 0.157 1.092 
SU-6'-EOF-3 0.903 0.451 0.903 2.756 0.164 0.946 
SU-6'-EOF-4 0.935 0.478 0.903 2.703 0.177 1.035 
SU-6'-EOF-5 1.045 0.523 1.100 2.870 0.182 0.950 
SU-6'-EOF-6 1.119 0.559 1.100 2.870 0.195 1.017 
M-SU-4-EOF-1 0.875 0.438 0.930 3.990 0.110 0.940 
M-SU-4-EOF-2 0.873 0.436 0.947 4.137 0.105 0.922 
M-SU-4-EOF-5 1.483 0.741 1.262 4.001 0.185 1.175 
M-SU-4-EOF-6 1.406 0.703 1.227 3.979 0.177 1.146 
M-SU-6'-EOF-1 0.850 0.425 0.864 2.897 0.147 0.984 
M-SU-6'-EOF-2 0.869 0.434 0.843 2.965 0.146 1.031 
M-SU-6'-EOF-5 1.175 0.588 1.101 2.882 0.204 1.067 
M-SU-6'-EOF-6 1.180 0.590 1.151 3.039 0.194 1.025 
U-5U-17-EOF-1 0.628 0.314 0.653 3.832 0.082 0.962 
u-su-17-EOF-2 0.598 0.299 0.656 3.867 0.077 0.916 
U-SU-17-EOF-5 0.898 0.449 0.878 3.992 0.112 1.023 
U-SU-17-EOF-6 0.835 0.418 0.857 3.853 0.108 0.974 
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TABLE l(b) 
COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
END ONE-FLANGE LOADING, SINGLE UNREINFORCED WEBS 
(Continued) 
Test Data, 

















Notes: 1. 1 kip = 4.45 kN 
Computed Data, 
per web v -
(P~)f in Vu, in Vu 
k ps kips 
(4) (5) (6) 
0.419 2.019 0.117 
0.429 2.072 0.103 
0.607 2.259 0.112 
0.573 2.114 0.129 
2. For designation of specimens, see Refs. 2 and 3 
(P ) u t 










COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
INTERIOR TWO-FLANGE LOADING,SINGLE UNREINFORCED WEBS 
Test Data 
Specimen per web 










SU-4-ITF-1 1. 715 




























































































Notes: 1. 1 kip = 4.45 kN. 
2. For designation of specimens, see Refs. 2 and 3. 
3. For two-flange loading, moment and shear at the 
location of bearing plates are zero. 
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TABLE l(d) 
COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 











































































































Notes: 1. 1 kip = 4.45 kN. 
2. For designation of specimens, see Refs. 2 and 3. 
3. For two-flange loading, moment and shear at the 
location of bearing plates are zero. 
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TABLE 2 
RANGES OF DIMENSIONS AND PARAMETERS USED IN THE 
UMR TESTS FOR WEB CRIPPLING OF BEAMS HAVING 
SINGLE UNREINFORCED WEBS 
Parameters 
Thickness, t, in inches 
Depth of sections having 
stiffened flanges, D, in inches 
Depth of sections having un-
stiffened flanges, D, in inches 
Span length, L, in inches 
Bearing length, N, in inches 
Bearing length to thickness 
ratio, N/t 
Web slenderness ratio, h/t, for 
beams having stiffened flanges 
Web slenderness ratio, h/t, for 
beams having unstiffened flanges 
Bend inside corner radius to 
thickness ratio, R/t 
Yield point of steel, Fy, in 
kips per square inch 
Notes: 1. 
2. 
1 in. = 25.4 mm 
2 1 ksi = 6.9 MN/m 
UMR Tests(2,J) 
0.048 
4.8 to 12 
4.8 to 9.6 
26 to 44 
1 to 3 
19.3 to 63.8 
93 to 259 
98 to 196 
0.96 to 2. 77 
36.26 to 47.12 
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WEB CRIPPLING STRENGTH OF COLD-FORMED 
STEEL I-BEAMS HAVING UNREINFORCED WEBS 
By Nipon Hetrakul and Wei-Wen Yu 
ABSTRACT 
In cold-formed steel construction, !-beams made of two channels 
connected back to back or made by connecting two angles to a channel 
are often used as flexural members. When these types of beams are 
subjected to concentrated loads and reactions at interior or end 
supports, the webs may cripple locally as a result of the high 
intensity of the applied loads and reactions. Recently, additional 
tests have been conducted at the University of Missouri-Rolla (UMR) 
to study the bearing strength of I-beam webs against crippling. Based 
on the results of 152 UMR tests and 136 I-beam tests previously 
conducted at Cornell University, modified empirical formulas were 
developed to predict the web crippling strength of I-beams. 
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web slenderness ratio; test; moment; shear strength 
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WEB CRIPPLING STRENGTH OF COLD-FORMED 
STEEL I-BEAMS HAVING UNREINFORCED WEBS 
By Nipon Hetrakul
1 
and Wei-Wen Yu, 2 F. ASCE 
INTRODUCTION 
During the past three decades, thin walled cold-formed steel 
structural members have been widely used in building construction in 
the United States and some other countries. In general, cold-formed 
steel members can easily be mass produced and prefabricated. With 
their use, a more economical design can be attained for relatively 
light loads and/or short spans (12,16). 
In cold-formed steel construction, !-sections made of two channels 
connected back to back or similar sections made by connecting two 
angles to a channel are often used as beam members. For this applica-
tion, web stiffeners are infrequently used. As a result, the webs of 
beams may cripple locally due to the high intensity of the applied load 
or reaction. As compared with the case of single unreinforced webs 
discussed in Refs. 1 and 2, !-beams can provide a higher degree of 
restraint against the rotation of the web. The web crippling 
strength of !-beams was previously studied at Cornell University in 
the early 1940's (13). The design criteria are included in the 
1Research Assistant, Department of Civil Engineering, University of 
Missouri-Rolla, Rolla, Missouri. 




Specification of the American Iron and Steel Institute 
(AISI) (9). 
Because of the increasing use of various new configurations of 
structural members coupled with the application of higher strength 
materials, some of the unusual designs of cold-formed steel sections 
may be beyond the original scope of the AISI Specification. For this 
reason, an investigation of webs of cold-formed steel beams was 
recently conducted at the University of Missouri-Rolla (UMR) under 
AISI sponsorship. In this research project, the structural behavior 
of beam webs subjected to bending, shear, and combined bending and 
shear was studied first by LaBoube and Yu (4-7); the web crippling 
strength of beams having single unreinforced webs was investigated by 
the authors. A detailed discussion of the research findings on web 
crippling was presented in Refs. 1 and 2. This paper is concerned 
with the investigation of web crippling loads for cold-formed steel 
!-beams subjected to partial edge loads applied to either one 
flange or both flanges. In this phase of study, a total of 152 
!-beams having unreinforced webs were tested at the University of 
Missouri-Rolla. Based on the results of these UMR tests and the 
data obtained by Winter and Pian (13) from 136 I-beam tests previously 
conducted at Cornell University; modified empirical formulas have been 
developed. These formulas can be used to predict the ultimate web 
crippling loads for I-beams having unreinforced webs. For the 
case of combined bending and web crippling for !-beams, the research 
findings can also be found in Refs. 1 and 2. 
LITERATURE REVIEW 
A considerable amount of research, both experimental and 
analytical, has been conducted to determine the structural strength 
of an isolated rectangular plate subjected to partial edge loads 
(3,10,11,14,15). In 1935, the web crippling strength of hot-rolled 
wide flange beams was studied experimentally by Lyse and Godfrey. The 
results of their research findings were reported in Ref. 8. In the 
1940's, the web crippling strength of cold-formed steel I-beams as 
shown in Fig. 2 was investigated experimentally by Winter and Pian 
at Cornell University. The results of the 136 I-beam tests were 
summarized in Ref. 13. On the basis of the Cornell research findings, 
the following empirical formulas were developed to predict the 
ultimate web crippling loads for I-beams (13): 
1. For interior one-flange and two-flange loading: 
(P ) = t 2F (15 + 3.25 INJt ) 
u c y 
(1) 
2. For end one-flange and two-flange loading: 
(P ) = t 2F (10 + 1.25 /N7t ) 
u c y 
(2) 
In the above formulas, {P ) is the predicted ultimate web 
u c 
crippling load, t is the thickness of the web element, Fy is the 
yield point of steel, and N/t is the bearing length to thickness 
ratio. Figure 2 shows the configurations of 1-beams used in the 
Cornell program. Xhe ranges of dimensions and the parameters used 
in this project are presented in Table 2. 
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Due to the complexity involved in the analytical study of web 
crippling loads of 1-beam specimens as mentioned in Refs. 1, 2 and 13, 
reliance has been placed primarily on the experimental evidence for 
the design of beam webs against crippling. For this reason the design 
criteria included in Section 3.S(b) of the AISI Specification are 
based on Eqs. (1) and (2). 
In the UMR study, additional tests were conducted to investigate 
the web crippling strengths of !-beams having large h/t ratios and 
yield points of steel higher than 37.9 ksi which was used previously 
at Cornell University (13). 
EXPERIMENTAL INVESTIGATION 
In this phase of the investigation, a total of 152 !-beam 
specimens having stiffened and unstiffened flanges were tested for 
web crippling strength. Among these test specimens, 144 beams had 
stiffened flanges as shown in Figs. l(a) and l(b), and 8 beam specimens 
had unstiffened flanges as shown in Figs. l(c) and l(d). Table 2 
lists the ranges of dimensions and the parameters used in the UMR 
program. It should be noted that the majority of UMR test specimens 
were fabricated from relatively thin steel sheets, which had a 
higher yield point than those used in the Cornell tests. In the UMR 
tests, the web slenderness ratio, h/t, ranged from 48.9 to 266. The 
large h/t ratios were used to develop the necessary information for 
a possible extension of the current h/t limit of 150. 
Similar to the tests conducted for beams having single unrein-
forced webs (1,2), the !-beams were tested under the following four 
44 
different loading conditions: 
a. Interior one-flange loading: 46 specimens 
b. End one-flange loading: 46 specimens 
c. Interior two-flange loading: 30 specimens 
d. End two-flange loading: 30 specimens 
As shown in Fig. 1, all the I-beam specimens were fabricated from 
channel sections connected back to back with the aid of self-tapping 
screws (#12 x 14 x 3/4 Tek screws) at a distance of 1/2 in. (12.7 mm) 
from the top and bottom flanges. The self-tapping screws were driven 
alternately at a distance of 2 in. (50.8 mm) from center to center. 
Detailed discussions of the preparation of specimens are presented in 
Ref. 2. 
The actual cross-sectional dimensions and the pertinent parameters 
of all the beam specimens used in the test program are listed in 
Tables A.2 and B.2 of Appendices A and Bin Ref. 2. In addition, the 
same Appendices contain the measured dimensions and the pertinent 
parameters of the 136 I-beam specimens which were used for the 
Cornell tests on a web crippling study (13). 
At UMR, all the beam specimens were tested in an 8-ft wide, 
9-ft high, and 21-ft long loading frame, which is anchored to an 
18-ft wide and 60-ft long test bay. The following discussion deals 
with the test setup and procedure used in the experimental study. 
(i) Test Setup 
Interior-one-Flange Loading: Forty-six specimens were tested 
under interior one-flange loading. Figure 3 is an illustration of 
the test setup used for this type of loading condition. Each beam 
specimen was tested as a simply supported beam by using rollers and 
supporting plates at both ends. In addition, a bearing plate was 
placed at midspan such that the clear distance between the edges of 
supporting plate and bearing plate was no less than 1.5 h; h is the 
depth of web element. A BLH load cell was then placed between the 
bearing plate and the hydrualic jack for the purpose of measuring the 
applied load, which was applied by a manually operated pump. Braces 
were attached to each side of the specimen so that it was prevented 
from twisting. 
End One-Flange Loading: Forty-six specimens were also tested 
under end one-flange loading. The test setup for this series of 
tests was the same as that for the interior one-flange loading except 
that various bearing lengths were used at the ends of the beam 
specimens. 
Interior Two-Flange Loading: Thirty specimens were tested under 
interior two-flange loading. Each beam specimen was tested by using 
the bearing plates above and below the beam specimen at midlength. 
The loading system was the same as that described above for the 
one-flange loading condition. 
End Two-Flange Loading: Thirty specimens were tested under 
end two-flange loading. The bearing plates were placed above and 
below the beam at one end of the specimen. The loading system was 
also the same as that described above. 
(ii) Test Procedure 
During the tests, the loads were applied by a manually operated 
pump at an approximate increment of 10% of the predicted ultimate 
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failure load. At each increment of load, the applied jack load was 
recorded by a data acquisition system on both printed and punched 
paper tapes (1,2). In addition, the lateral deformations of the 
expected failure portion of the webs were measured at 1) initial 
loading, 2) approximately one-half of the predicted ultimate load, 
and 3) failure load. 
The lateral deformations of the webs were measured to the nearest 
one thousand of an inch (0.0254 mm) by using five linear potentiometers 
attached to a movable frame as discussed in Refs. 1, 2. This special 
equipment could be adjusted to any position according to the grid 
lines plotted on the web. The readings of the potentiometers were 
also recorded and printed out on tape by using the data acquisition 
system. 
With regard to the profiles of the deformed webs, special 
instruments consisting of a Wang Model 600 programable calculator, an 
X-Y plotter, and a paper tape reader were used to interpret the 
punched tapes and to plot the deformed shapes of the webs. See 
Figs. Cl to C3 of Appendic C of Ref. 2. 
RESULTS OF TESTS 
For each test, the ultimate load for web crippling and the 
measurements of the deformed web for the selected loading were recorded. 
The tested web crippling loads are listed in Tables l(a) through 
l(d) under the title of (P ) for different loading conditions. 
u t 
Also presented in these tables are the tested bending moment, M, 
computed on the basis of (P ) , and the shear force, V, which is equal 
u t 
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For the case of interior one-flange loading condition, Table l(a) 
includes only those test specimens for which the actual bending moment 
is not more than 40% of the maximum moment capacity of the section, 
i.e., M < 0.40 M . This is because it was found from Ref. 1 that when 
- u 
M/M < 0.40 the web cripplin~ load is not significantly affected by 
\l 
the bending moment. When M/M > 0.40, the results of tests were 
u 
discussed in Refs. 1 and 2 for the case of a combination cf web 
crippling and bending moment. For this case, the interaction between 
web crippling and bending was studied in detail (1,2). 
In the above discussion, the ultimate moments, M , of the speci-u 
mens were determined for the strengths of flanges and webs separately 
as follows: 
(i) Ultimate Moment of the Entire Section Governed by the 
Strength of the Flanges 
For beams with stiffened compression flanges (Figs. l(a) and 
l(b)), consideration was given the the postbuckling strength of the 
stiffened compression flanges and the effect of the shear lag as 
indicated in Eqs. (3) and (4), respectively: 
(M)fl = S F X y 
(3) 
(4) 
where (Mu)fl = computed ultimate moment of each channel that is based 
on the effective area of stiffened compression 
flanges and full areas of the tension flange and web, 
inch-kips; 
(Mu)f2 = computed ultimate moment of each channel that is 
based on the shear lag consideration for both com-
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pression and tension flanges combined with the full area 
of the web, inch-kips; 
S = section modulus of each channel that is based on the X 
effective width of the compression flange determined 
in accordance with Section 2.3.1.1 of the AISI 
Specification (9) and the full width of the tension 
3 flange and web, inches ; 
S' = section modulus of each channel that is based on the X 
shear lag consideration, (i.e. use the effective 
widths of both compression and tension flange, in 
accordance with Section 2.3.5 of the AISI Specifica-
3 tion) and the full area of the webs, inches ; 
F = yield point of steel, kips per square inch. 
y 
For beams having unstiffened compression flanges (Figs. l(c) and 
l(d)}, the ultimate moment of the specimen was determined by the 
reduced stress method in accordance with Section 3.2 of the AISI 
Specification with a safety factor of 1.67, i.e., 
where 
(Mu)f3 = (S )f 11 (1.67)(F ) x u area c (5) 
(Mu)f 3 = computed ultimate moment of each channel that is 
based on the full areas of flanges and the 
web, inch-kips; 
(S ) = section modulus of each channel that is based on 
x full area 
3 the full areas of flanges and the web, inches ; 
Fe =allowable stress for unstiffened compression 
elements that is determined in accordance with 
Section 3.2 of the AISI Specification, kips per 
square inch. 
The same formula, (Eq. (2)), was used for the consideration of 
shear lag. 
(ii) Ultimate Moment of the Entire Section Governed by the 
Bending Strength of the Webs 
The bending strength of beam webs was recently studied at UMR. 
Based on the research findings reported in Refs. 4 and 5 and in 
recognition of the postbuckling strength of beam webs, the following 
formula can be used to determine the ultimate moment of beams having 
stiffened and unstiffened compression flanges: 
(M ) = S"F ¢ u w x cr 
(6) 
where (M ) = computed ultimate moment of each channel that is based 
u w 
49 
on the effective area of the compression flange combined 
with the full area of the tension flange and the web, 
inch-kips; 
S" = section modulus of each channel that is based on the full 
X 
width of the tension flange and the web and the effective 
width of the compression flange that is determined on 
the basis of Section 2.3.1.1 of the AISI Specification 
with f = 0.60 F or 0.60 F , whichever is smaller, 
cr Y 
3 inches ; 
Fer = critical bending stress in webs, kips per square inch, 
k' =buckling coefficient, 
= 4 + 2(l+S) 2 + 2(l+S); 
e = l£t/£cl; 
fc = maximum compressive bending stress in webs, kips per 
square inch; 
ft =maximum tensile bending stress in webs, kips per square 
inch; 
E = modulus of elasticity, 
3 = 29.5 x 10 kips per square inch; 
~ = Poisson's ratio, 
= 0.30; 
h/t = web slenderness ratio or depth to thickness ratio of 




= 0.017 x h/t - 0.790; 
a
2 
= 0.462 x fc/ft + 0.538; 
a
3 
= 1.16-0.16 (w/t)/(w/t)lim' for stiffened compression 
flange with (w/t)/(w/t)lim S 2.25, 
50 
= 0.838 - 0.0191 (w/t)/(w/t)lim' for unstiffened compression 
flange, with w/t S 60; 
The values of the computed ultimate moments, M , listed in 
u 
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Table l(a) are the smallest that can be computed from Eqs. (3) through 
(6). 
In this phase of the study, the ultimate shear forces, V , were 
u 
also computed for all the specimens. They are the products of the 
theoretical shear stresses and the web areas of the channels. Details 
of the calculation of shear stresses are given by the authors and 
LaBoube (1,2,4,6). The values of V and the ratios of V/V are also 
u u 
listed in Tables l(a) and l(b). 
EVALUATION OF TEST RESULTS 
During the tests, it was observed that all failure modes were 
consistent for each type of loading condition. For the interior 
one-flange loading, failures occurred in the web beneath the bearing 
plate at approximately 1/5 of the depth measured from the top flange 
of the specimen. Typical deformed webs of the specimens having h/t 
ratios approximately equal to 150 and 250 are shown in Figs. 4(a) and 
4(b), respectively. For the end one-flange loading, failures of the 
web occurred at approximately 1/3 of the depth measured from the 
bottom flange. For the interior two-flange loading, two different 
types of failure modes were observed. For specimens of thin material 
(0.060 in. (1.524 rom) or thinner) with h/t ratios of 150 or larger, 
the failures occurred at about mid-depth of the section. Figure S{a) 
is an illustration of the failure at mid-depth for the case of end two-
flange loading with a h/t ratio of 250. However, for specimens of 
relatively thicker material (0.075 in. (1.905 rom) or thicker) with 
' 
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h/t ratios of 50 to 100, failures occurred at the region adjacent to 
the applied load and support. A typically deformed web for the case 
of end two-flange loading of a specimen with a h/t ratio of 50 is shown 
in Fig. S(b). 
In view of the fact that the failure modes depend primarily on 
the thickness of material, yield point, and web slenderness ratio, 
the available test data were evaluated separately for four different 
loading conditions. As a result of the extensive study of the UMR and 
Cornell test results, it was found that modified formulas can be 
developed by adding two correction factors to Eqs. (1) and (2) to 
account for the effects of the thickness of material and yield point. 
The influence of the h/t ratio on the web crippling strength of I-beams 
was found to be small and, therefore, can be neglected in the general 
formula (1). Consequently, the following four modified equations were 
developed for possible use: 
1. Interior One-Flange Loading 
(7) 
2. End One-Flange Loading 
(8) 
3. Interior Two-Flange Loading 
(P') = t 2F xCSC6(15 + 3.25 IN/t) 
u c y 
(9) 
4. End Two-Flange Loading 
(P') = t 2F xe7c8(10 + 1.25 IN/t) u c y 
(10) 
in which (P,) = predicted ultimate web crippling load, kips, u c per web; 
cl = (1.49 0.53 k); 
cz = (0.88 + 0.12 m); 
c3 = (1.34- 0.083 k); 
c4 = 1.0; 
cs = (2.09 - 1.08 k) > 0.5; -
c6 = (0.82 + 0.15 m); 
c7 = (1.90 - 0.96 k) > 0.5; -
ca = (0.64 + 0.31 m); 
k = F /33; y 
m = t/0.075. 
The predicted ultimate load, (P') , computed by Eqs. (7) through u c 
(10), are compared with the test data in Tables l(a) through l(d) 
by using the (Pu) /(P') ratios and their standard deviations for 
t u c 
four different loading conditions. 
Interior One-Flange Loading: For this case the mean value of 
the (P ) /(P') ratios is equal to 1.000 with a standard deviation 
u t u c 
of 0.121. See Table l(a). Figure 6 is a graphical comparison between 
the tested and predicted ultimate loads computed from Eq. (7). 
End One-Flange Loading: From Table l(b), it can be seen that 
the mean value of the (P ) /(P') ratios is equal to 0.999 with a 
u t u c 
standard deviation of 0.204. See Fig. 7 for a graphical comparison 
of the tested and computed values. 
Interior Two-Flange Loading: For interior two-flange loading, 
the mean value of the (Pu)t/(P~)c ratios for all the tests is equal 
to 1.014 with a standard deviation of 0.120 as listed in Table l(c). 
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Figure 8 is a graphical comparison of the tested ultimate load, 
(Pu)t, and the predicted ultimate load, (P') , as determined by 
u c 
Eq. (9). 
End Two-Flange Loading: For the case of the end two-flange 
loading, comparisons of the tested ultimate loads, (P ) , and the 
u t 
predicted ultimate loads, (P') , are listed in Table l(d). By using u c 
Eq. (10), one finds that the mean value of the (P ) /(P') ratios is 
u t u c 
equal to 0.990 and has a standard deviation of 0.106. Figure 9 is a 
graphical comparison of the tested and computed web crippling loads. 
Based on the above discussions for four different loading 
conditions and the graphical comparisons of the tested and predicted 
web crippling loads, it can be seen that except for a few tests 
the accuracy of prediction in using Eqs. (7) through (10) is within 
± 20%. 
The effects of bending moment and shear on web crippling of I-
beams were also investigated. Based on the research findings reported 
by the authors (1,2), it was found that the presence of a bending 
moment less than about 40% of the ultimate moment capacity and a shear 
force less than 60% of the ultimate shear capacity will not signifi-
cantly reduce the web strength against crippling for l-bearns or 





The objective of this investigation was to study the structural 
behavior of cold-formed steel I-beams subjected to web crippling 
loads. A total of 152 !-beams specimens were tested at the University 
of Missouri-Rolla (UMR) for an additional study of web crippling 
strength of cold-formed steel !-sections having a high degree of 
restraint against web rotation. Based on the results of the UMR 
tests and the data obtained from the 136 I-beam tests conducted 
previously at Cornell University, modified formulas were developed 
by adding two correction factors for the yield point and the thickness 
of the web element. Comparisons of the tested web crippling loads and 
the predicted values indicate that the addition of two correction 
factors are sufficient for predicting 1-beam web crippling loads. 
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following symbols are used in this paper: 
cl,c3,c5,c7 = correction factors for yield point of steel; 
C2,C4,C6,C8 = correction factors for thickness of steel; 
E = modulus of elasticity, kips per square inch; 
Fer = critical bending stress in web, kips per 
square inch; 
F = yield point of steel, kips per square inch; 
y 
F = allowable stress for unstiffened compression c 
elements, kips per square inch; 
f = maximum compressive bending stress in web, 
c 
kips per square inch; 
ft = maximum tensile bending stress in web, kips 
per square inch; 
h = clear distance between flanges measured along 
the plane of web, inches; 
k' = buckling coefficient in bending; 
k = F /33; 
y 
58 
M = tested bending moment, per channel, inch-kips; 
(Mu)fl' (Mu)f
2
, (Mu)fJ = computed maximum moment of each channel 
section governed by the strength of flanges, 
inch-kips; 
(M ) = computed maximum moment of each channel 
u w 
section governed by bending strength of 
the web, inch-kips; 
m = t/0.075; 
N = length of bearing plate, inches; 
(Pu)t = tested web crippling load, per web, kips; 
(Pu}c' (P~)c z predicted ultimate load, per web, kips; 
S S' S" = x' x' x computed section modulus, cubic inches; 
(S ) z computed section modulus based on full area, x full area 
cubic inches; 
t = thickness of base material, inches; 
V = tested shear force, per web, kips; 
Vu = computed maximum shear force, per web, kips; 
59 
w = flat width of the compression flange, inches; 
a
1 
= postbuckling factor for h/t; 
a 2 = postbuckling factor for lfc/ftl; 
a
3 
= postbuckling factor for (w/t)/(w/t)lim; 
a
4 
= postbuckling factor for Fy; 
B = lft/fcl; 
~ = Poisson's ratio; 
~ = postbuckling strength factor for bending. 
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COMPARISON OF THE TESTED AND COUPUTED LOADS FOR \lEB CRIPPLING 
INTERIOR ONE-FLANGE LOADING 
I-SECTIONS 
'< 
Test Data, per web Computed Data, per web 
(P u) t' in M, in V, in 
(P') , in M , in v • in H u c u u 
M kips inch-kips kips kips inch-kips kips u 
(2) (3) (4) (5) (6) (7) (8) 
2.385 22.66 1.193 2.187 91.94 1.916 0.246 
2.490 23.66 1.245 2.187 92.47 1.907 0.256 
2.910 27.65 1.455 3.030 93.63 1.977 0.295 
2.850 27.08 1.425 2.983 92.79 1.920 0.292 
2.420 26.62 1.210 2.272 109.54 1.687 0.243 
2.470 27.17 1. 235 2.358 112.89 l. 789 0.241 
2.860 31.46 1.430 3.039 108.09 1.635 0.291 
2.950 32.45 1.475 3.208 112.73 1.789 0.288 
2.505 18.16 1.253 2.505 53.79 2.706 0.338 
2.450 17.88 1.225 2.450 54.78 2.874 0.326 
1.800 11.70 0.900 1.883 40.20 2.487 0. 353 
1.805 11.73 0.903 1.809 38.29 2.384 0.361 
1.680 10.92 0.840 1.846 39.36 2.453 0.277 
1.540 10.01 o. 770 1.809 39.33 2.371 0.255 
1.975 12.84 0.988 2.475 38.83 2.380 0.331 
1.885 12.25 0.943 2.428 38.40 2. 307 0.319 
2.645 19.17 1.323 2.461 57.69 2.948 0.332 
2.660 19.29 1.330 2.552 59.17 3.123 0.326 
3.365 20.68 1.683 3.465 57.82 2.939 0.358 
2. 730 24.57 1.365 2.882 61.77 2.123 0.398 
2.565 23.09 1.283 2.882 61.89 2.126 0.373 
1.825 16.43 0.913 1.880 41.22 2.021 0.399 
3.750 15.00 1.875 2.882 39.05 6.224 0.384 
3.850 15.45 1.925 3.185 39.05 6.224 0.394 
v (Pu)t 





































COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
INTERIOR ONE-FLANGE LOADING 
Test Data, per web 
(P u) t' in M, in V, in 
kips inch-kips kips 
(2) (3) (4) 
4.000 16.00 2.000 
4.400 17.60 2.200 
4. 300 17.20 2.150 
11.00 44.00 5.500 
12.40 49.60 6.200 
10.50 42.00 5.250 





Computed Data, per web 
(P') , in M , in v ' in u c u u 
kips inch-kips kips 
(5) (6) (7) 
3.608 62.37 8.603 
3.980 62.37 8.603 
4.572 62.37 8.603 
9.849 124.83 15.77 
10.73 124.83 15.77 
12.73 138.33 18.76 




































2. For designation of specimens, see Refs. 1 and 2. Tests no. la-1-IOF to 18c-2-IOF were 
conducted at Cornell University (13). 
TABLE 1(b) 
COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
END-.ONE-FLANGE·LOADING 
I-SECTIONS 
Test Data, per web Computed Data, per web (Pu)t 
Specimen 
v 
No. (P) t, in 
V ,in (P') ,in V ,in v (PI) u c u u u c 
kips kips kips kips 
(1) (2) (3) (4) (5) (6) (7) 
I-1-EOF-1 1.840 0.920 1. 913 1.820 0.505 0.962 
I-1-EOF-2 1. 770 0.885 1.877 1. 768 0.501 0.943 
I-1-EOF-5 2.175 1.088 2.379 1. 789 0.608 0.914 
I-1-EOF-6 2.210 1.105 2.291 1.679 0.658 0.965 
I-2-EOF-1 1. 730 0.865 1. 979 1.596 0.542 0.874 
I-2-EOF-2 1.650 0.825 1.943 1.549 0.533 0.849 
I-2-EOF-5 2.305 1.153 2.559 1.672 0.689 0.901 
I-2-EOF-6 2.375 1.188 2.651 1. 776 0.669 0.900 
I-3-EOF-1 2.355 1.178 2.162 2.622 0.449 1.089 
I-3-EOF-2 2.470 1.235 2.243 2.794 0.442 1.101 
I-3-EOF-5 2.990 1.495 2.783 2.703 0.553 1.074 
I-3-EOF-6 2.750 1. 375 2.734 2.619 0.525 1.006 
I-3'-EOF-1 1.890 0.945 1.407 2.283 0.414 1.343 
I-3'-EOF-2 1.690 0.845 1.407 2.282 0.370 1. 201 
I-3'-EOF-5 2.390 1.195 1. 787 2.262 0.528 1. 337 
I-3'-EOF-6 2.440 1.220 1. 787 2. 277 0.536 1. 365 
I-5'-EOF-5 4.120 2.060 3.904 4.971 0.414 1.005 
I-5'-EOF-6 4.470 2.235 3.904 4.973 0.449 1.145 
I-6-EOF-1 5.200 2.600 4.326 9.755 0.267 1.202 
I-6-EOF-2 5.385 2.693 4.348 9.818 0.274 1. 238 
I-6-EOF-5 5.630 2.815 5.318 9.751 0.289 1.058 
I-6-EOF-6 5.315 2.658 5.344 9.827 0.270 0.995 
I-6-EOF-7 5.635 2.818 5.638 10.83 0.260 
1.000 
I-6-EOF-8 6.750 3.375 5.446 10.15 0.333 1. 239 
I-6"-EOF-1 1. 780 0.890 1.463 2.427 0.367 
1. 216 
I-6"-EOF-2 1.920 0.960 1.407 2.324 
0.413 1. 364 
I-6"-EOF-5 2.540 1.270 1. 787 2.353 
0.540 1.421 
I-6"-EOF-6 2.350 1.175 1. 787 2.322 
0.506 1. 315 
I-9-EOF-1 2.075 1.038 1.407 2.326 
0.446 1.474 
I-9-EOF-2 1.825 0.913 1.407 2.307 
0.396 1. 297 
I-9-EOF-5 2.510 1. 255 1. 787 2.347 
0.535 1.404 
I-9-EOF-6 2.565 1.283 1. 787 2.363 
0.543 1.435 
I-12-EOF-1 2.470 1.235 2.618 
2.932 0.421 0.943 
I-12-EOF-2 2.505 1.253 2.551 
2.847 0.440 0.982 
I-12-EOF-5 2.960 1.480 3.301 
2.935 0.504 0.900 
I-12-EOF-6 2.830 1.415 3.301 
2.941 0.481 0.857 
I-12'-EOF-5 10.25 5.125 10.83 
15.06 0.340 0.946 
I-12'-EOF-6 11.58 5.790 10.74 
15.06 0.384 1.078 
I-16-EOF-1 2.560 1.280 2.808 
5.906 0.217 0.912 
I-16-EOF-2 3.575 1.788 2.572 
5.080 0.352 1.389 
I-16-EOF-5 3.050 1.825 3.301 
5.238 0.291 0.924 
I-16-EOF-6 3.150 1.575 3.301 
5.190 0.303 0.954 
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TABLE 1(b) 
GOMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
END' 'ONE..:J?LANGEH:.OADI.NG: '" 
I-SECTIONS' 
(Continued) 
~est Data, per web Computed Data, per web v 
Specimen 
(Pu) t' in V,in (P') ,in 
-
No. 
V ,in v 
u c u u 
kips kips kips kips 
(1) (2) (3) (4) (5) (6) 
I-U-17-EOF-5 2.555 1.278 2.151 3.911 0.327 
I-U-17-EOF-6 2.230 1.115 2.151 3.970 0.281 
I-U-18-EOF-5 2.040 1.020 2.156 2.041 0.500 
I-U-18-EOF-6 2.285 1.143 2.151 2.105 0.543 
2a-2-EOF 1. 770 0.885 2.094 4.185 0.211 
2a-3-EOF 1.900 0.950 2.505 4.185 0.227 
2b-3-EOF 1.950 0.975 2.094 4.185 0.233 
2b-4-EOF 2.100 1.050 2.253 4.185 0.251 
4a-3-EOF 1.870 0.935 2.133 6.222 0.150 
4b-2-EOF 2.250 1.125 2.294 6.222 0.181 
6a-3-EOF 1.850 0.925 2.902 8.456 0.109 
6b-2-EOF 2.180 1.090 3.116 8.456 0.129 
6b-3-EOF 2.390 1.195 3.457 8.456 0.141 
9b-2-EOF 5.700 2.850 7.141 8.076 0.353 
10a-3-EOF 6.170 3.085 7.098 12.50 0.247 
10b-2-EOF 7.350 3.675 7.537 12.50 0.294 
10b-3-EOF 8.500 4.250 8.529 12.50 0.340 
11-3-EOF 5.600 2.800 7.431 15.77 0.178 
12-2-EOF 6.620 3.310 8.117 17.91 0.185 
12-3-EOF 6.000 3.000 8.860 17.91 0.168 
13a-2-EOF 7.940 3.970 10.78 10.21 0.389 
13b-2-EOF 8.370 4.185 11.39 10.21 0.410 
14a-3-EOF 9.350 4.675 12.04 16.05 0.291 
14b-2-EOF 10.72 5.360 12.70 16.05 0.334 
14b-3-EOF 12.60 6.300 13.75 16.05 0.393 
15a-3-EOF 9.400 4.700 11.96 21.60 0.218 
15b-3-EOF 11.45 5. 725 12.62 21.60 0.265 
15b-3-EOF 12.10 6.050 13.67 21.60 
0.280 
16e-1-EOF 1.113 0.557 1. 357 3.032 
0.190 
16£-1-EOF 1.275 0.638 1.648 3.032 
0.210 
17e-1-EOF 3.600 1.800 3. 711 11.46 
0.157 
17£-1-EOF 4.075 2.038 4.385 11.46 
0.178 
18b-1-EOF 7.125 3.563 9.609 18.75 
0.190 












































Notes: 1. 1 kip = 4.45 ~. 
2. For designation of specimens, see Refs. 1 and 2. Tests 




COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
INTERIOR TWO-FLANGE LOADING 
I-SECTIONS 
·Test .. Dat.a., per. web Computed Data, per web (P ) 
Specimen u t 
(Pu)e in (P') , in (P') No. u c u c 
kips kips 
(1) (2) (3) (4) 
I-1-ITF-1 1.625 1.714 0.948 
I-1-ITF-2 1.665 1.818 0.916 
I-1-ITF-5 1.875 2.297 0.816 
I-1-ITF-6 1.920 2.387 0.804 
I-2-ITF-1 1.490 1.817 0.820 
I-2-ITF-2 1.520 1. 761 0.863 
I-2-ITF-5 1. 715 2.388 0. 718 
I-2-ITF-6 1.690 2.479 0.682 
I-3-ITF-1 1.915 1. 765 1.085 
I-3-ITF-2 2.080 1. 765 1.175 
I-3-ITF-5 2.375 2.401 0.992 
I-3-ITF-6 2.205 2.315 0.953 
I-3-ITF-1* 2.090 1. 700 1.229 
I-3-ITF-2* 2.170 1. 764 1.226 
I-3-ITF-5* 2.205 2.358 0.936 
1-3-ITF-6* 2.335 2.315 1.009 
I-5'-ITF-5 3. 775 3.434 1.099 
I-5'-ITF-6 4.270 3.486 1.225 
I-6-ITF-1 4.480 4.344 1.031 
I-6-ITF-2 4.570 4.361 1.048 
I-6-ITF-5 4.975 5.763 0.863 
I-6-ITF-6 5.300 5.763 0.920 
I-6-ITF-7 5.956 5.890 1.011 
I-6-ITF-8 6.195 5.890 1.052 
1-6"-ITF-1 2.138 1. 937 1.104 
I-6"-ITF-2 1.958 1. 937 1.011 
I-6"-ITF-5 2.380 2.653 0.900 
I-6"-ITF-6 2.390 2.653 0.862 
I-12'-ITF-5 10.37 10.63 0.976 
I-12 '-ITF-6 11.39 10.63 1.071 
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TABLE 1(c) 
COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
INTERIOR TWO-FLANGE LOADING 
I-SECTIONS 
(Continued) 
Test Data, per web Computed Data, 
Specimen 
No. (P)t• in (P~)c, in 
kips kips 
(1) (2) (3) 
2a-4 ITF 3.570 3.218 
2b-5-ITF 3.920 3.556 
3-3-ITF 4.850 4.044 
4a-4-ITF 3.500 3.279 
4a-5-ITF 3.800 3.623 
4b-3-ITF 4.750 4.170 
6a-4-ITF 3.640 3.962 
6b-4-ITF 4.250 4.552 
9a-l-ITF 10.60 9.807 
9a-2-ITF 12.90 10.69 
9b-3-ITF 9.800 9.807 
9b-4-ITF 10.85 10.69 
9b-5-ITF 12.90 12.08 
10a-4-ITF 10.35 10.03 
lOa-5-ITF 11.55 10.93 
10b-4-ITF 12.55 12.35 
11-4-ITF 11.60 10.14 
11-5-ITF 11.10 11.04 
12-4-ITF 12.80 12.86 
12-5-ITF 14.40 13.48 
13a-3-ITF 15.75 15.51 
13a-4-ITF 17.35 16.80 
13b-3-ITF 18.05 18.86 
14a-4-ITF 16.65 19.18 
14a-5-ITF 20.30 20.74 
14b-4-ITF 21.95 23.21 
15a-4-ITF 17.95 19.05 
15a-5-ITF 19.75 20.60 
15b-4-ITF 20.10 24.09 
16d-1-ITF 1.600 1. 943 
16d-2-ITF 1.960 2.510 
17d-1-ITF 6.260 4.900 
17d-2-ITF 6.750 6.155 
18a-1-ITF 12.90 13.83 
18a-2-ITF 14.60 15.56 
Mean 
Standard deviation 
per web (P u) t 








































Notes: 1. 1 kip = 4.45 kN. 
2. For designation of specimens, see Refs. 1 and 2. Tests No. 
2a-4-ITF to 18a-2-ITF were conducted at Cornell University (13). 
TABLE l(d) 
COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
END TWO-FLANGE LOADING 
I-SECTIONS 
Test Data, per web Computed Data, per web (P ) 
Specimen u t 
No. (Pu)t, in (P') , in (P') u c u c 
kips kips 
(1) (2) (3) (4) 
I-1-ETF-1 o. 705 0.791 0.891 
1-1-ETF-2 0.690 0.825 0.836 
I-1-ETF-5 0.890 1.043 0.853 
I-1-ETF-6 0.935 1.043 0.896 
I-2-ETF-1 0.645 0.757 0.852 
I-2-ETF-2 0.665 0. 725 0.917 
I-2-ETF-5 0. 770 0.981 0.785 
I-2-ETF-6 0.690 0.920 0.750 
I-3-ETF-1 0.805 0.813 0.990 
I-3-ETF-2 0.850 0.796 1.068 
I-3-ETF-5 1.120 1.026 1.092 
I-3-ETF-6 1.035 0.985 1.051 
I-3-ETF-1* 0.820 0.813 1.012 
I-3-ETF-2* 0.810 0.813 1.000 
I-3-ETF-5* 1.005 0.985 1.010 
I-3-ETF-6* 0.960 1.026 0.932 
I-5'-ETF-5 1. 4.70 1.420 1.035 
l-5'-ETF-6 1.405 1.420 0.989 
I-6-ETF-1 2.035 2.163 0.951 
I-6-ETF-2 2.105 2.157 0.976 
I-6-ETF-5 2.935 2.666 1.101 
I-6-ETF-6 3.060 2.666 1.148 
I-6-ETF-7 .2.690 2.678 1.004 
I-6-ETF-8 2.400 2.754 0.871 
I-6"-ETF-1 0.885 0.895 0.991 
1-6"-ETF-2 0.845 0.854 0.991 
I-6"-ETF-5 1.065 1.086 0.982 
I-6"-ETF-6 1.095 1.087 1.006 
I-12'-ETF-5 4.650 5.482 0.848 
I-12'-ETF-6 5.245 5.482 0.957 
2b-6-ETF 1.870 1.608 1.163 
3-4-ETF 1.800 1.763 1.020 
4a-6-ETF 1.600 1.526 1.048 
4a-7-ETF 1.700 1.641 
1.035 
4b-4-ETF 1.900 1.824 
1.041 
6a-5-ETF 1.850 1. 707 
1.083 
6a-6-ETF 1.920 1.834 
1.047 
6b-5-ETF 2.250 2.034 
1.106 
9a-3-ETF 5.100 5.244 
0. 973 
9b-5-ETF 5.350 5.244 
1.020 





COMPARISON OF THE TESTED AND COMPUTED LOADS FOR WEB CRIPPLING 
END TWO-FLANGE LOADING 
I-SECTIONS 
{Continued) 
Test Data, per web Computed Data, per web 
Specimen 
(Pu)t, in (P') , in No. u c 
kips kips 
(1) (2) (3) 
9b-7-ETF 6.850 6.086 
lOa-6-ETF 5.900 5.379 
lOa-7-ETF 5.950 5. 711 
10b-5-ETF 7.750 6.239 
13a-5-ETF 6.750 8.809 
13a-6-ETF 8.500 9.312 
13b-4-ETF 12.80 10.11 
14a-6-ETF 8.900 11.10 
14a-7-ETF 11.15 11.77 
14b-5-ETF 12.30 12.75 
16d-3-ETF 0.880 0.855 
16d-4-ETF 0.920 1.039 
17d-3-ETF 2.450 2.408 
17d-4-ETF 3.060 2.845 
18a-3-ETF 6.800 7.087 





1 kip = 4.45 k.N. 
For designation of specimen, see Refs. 1 and 2. 




























RANGES OF DIMENSIONS AND PARAMETERS USED IN 
THE CORNELL AND UMR TESTS FOR WEB CRIPPLING OF 
I-BEAMS HAVING UNREINFORCED WEBS 
Parameters Cornell Tests(lJ) UMR Tests(1•2) 
(1) (2) p) 
Thickness, t, in inches 0.0460 to 0.1478 0.0460 to 0.1080 
Depth of sections, D, 
in inches 4 to 8 4 to 12 
Span length, L, in 
inches 10 to 36 20 to 44 
Bearing length, N, in 
inches 1 to 3 1 to 3 
Bearing length to 
thickness ratios, N/t 6.7 to 76.1 13.1 to 66.0 
Web slenderness ratios, 
h/t 27.5 to 174.4 48.9 to 266.0 
Yield point of steel, 
FY, in kips per square 
ihch 30.2 to 37.9 33.4 to 53.8 
Notes: L 
2. 
1 in. • 25.4 mm 2 1 ksi • 6.9 MN/m 
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COLD-FORMED STEEL BEAMS HAVING SINGLE UNREINFORCED WEBS 
SUBJECTED TO COMBINED BENDING AND WEB CRIPPLING 
By Nipon Hetrakul and Wei-Wen Yu 
ABSTRACT 
In thin-walled cold-formed steel flexural members, it is often 
found that in simple beams, continuous beams and cantilevers, the 
bending and shear stresses are combined with a vertical compressive 
stress that results from a concentrated load or reaction at the 
supports. To study the interaction of these combined stresses, an 
experimental investigation was recently carried out at the University 
of Missouri-Rolla (UMR). In this phase of investigation, 28 beam 
specimens built up from channels were tested to study the effect of 
bending moment and shear on the web crippling strength of single un-
reinforced webs. Based on the results of the 28 UMR tests and 18 
Cornell tests, an interaction formula for the web crippling load and 
bending moment was developed by means of a regression analysis. It 
was found that the shear force has little or no effect on the web 
crippling load for the beams tested in this program. 
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KEYWORDS: web; bearing capacitx; cold-formed steel; beam (structural); 
web slenderness ratio; tests; moment; shear strength; 
interaction 
COLD-FORMED STEEL BEAMS HAVING SINGLE UNREINFORCED WEBS 
SUBJECTED TO COMBINED BENDING AND WEB CRIPPLING 
By Nipon Hetraku11 and Wei-Wen Yu, 2 F. ASCE 
INTRODUCTION 
Cold-Formed steel flexural members can be used for simply 
supported beams, continuous beams, and cantilevers. For these 
applications, the bending stress and shear stress are often combined 
with a vertical compressive stress at the junction of the web and 
the flange when bearing plates are used for concentrated loads and 
at the supports. 
During recent years, the problem of combined bending moment and 
web crippling load for cold-formed steel beams has been studied by 
many investigators and reported in several publications (1,2,10,11). 
At the University of Missouri-Rolla (UMR), this project was studied 
as a special phase of the overall web study under the sponsorship of 
the American Iron and Steel Institute. 
In the UMR program, the structural behavior of cold-formed steel 
beam webs subjected to bending stress, shear stress, combined bending 
and shear, web crippling, and combined web crippling and bending 
was studied in detail. The research findings on the studies of beam 
1Research Assistant, Department of Civil Engineering, University of 
Missouri-Rolla, Rolla, Missouri. 
2Professor of Civil Engineering, University of Missouri-Rolla, Rolla, 
Missouri. 
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webs subjected to bending, shear, combined bending and shear, and 
web crippling have been discussed by the authors and LaBoube in Refs. 
4 to 9. This paper presents an investigation of combined bending and 
web crippling of cold-formed steel beams having single unreinforced 
webs. It contains a literature review and detailed information on 
the testing of 28 beam specimens subjected to combined bending and 
web crippling. Based on the results of the 28 UMR tests and 18 
Cornell tests on hat sections (Fig. 2), an interaction formula for 
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combined bending and web crippling has been developed and is presented 
herein. 
LITERATURE REVIEW 
During the past few years, the problem of combined bending and 
web crippling for thin-walled steel flexural members has been studied 
in the United States and abroad (1,2,10,11). In 1972, the National 
Association of Home Builders (NAHB) Research Foundation conducted 
nine beam tests of cold-formed steel channels to investigate the 
interaction of bending and web crippling (10,11). Based on the 
results of tests, Ratliff (11) suggested the following interaction 
formula: 
(1) 
in which p is the tested concentrated load or reaction in the presence 
of bending moment, p the allowable concentrated load or reaction as 
max 
defined in the AISI Specification (12) multiplied by a factor of safety 
of 1.85, m the actual bending moment obtained from test, and M' the 
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allowable bending moment permitted by the AISI Specification if bending 
stress only exists multiplied by a factor of safety of 1.67. It should 
be noted that Eq. (1) was obtained on the basis of nine beam tests 
subjected to the following conditions: 
(a) thickness of channel sections: 0.050 to 0.076 inches 
(1.265 to 1.923 mm) 
(b) yield points of steel: 41.9 to 43.2 ksi (289.1 to 298.1 KN) 
(c) depth to thickness ratios (h/t): 93.5 to 143 
(d) aspect ratios of web plate (a/h): 2.75 to 16.24 
(e) bearing length-to-panel length ratios (N/a): 0.03 to 0.19. 
In 1973, the subject of combined partial edge loading and bending 
was studied by El-gaaly and Rockey in the United Kingdom (2). The test 
results of 16 trapezoidal sections with transverse stiffeners indicated 
that the in-plane patch loading was not significantly reduced when 
the in-plane bending moment did not exceed 50% of the specimen's 
ultimate load carrying capacity in bending. Consequently, the follow-
ing interaction formula was suggested by El-gaaly and Rockey: 
(2) 
in which p is the ultimate partial edge load in the presence of 
u 
bending, p the ultimate partial edge load in the absence of bending, 
uo 
M" the ultimate moment in the presence of partial edge load, and M u uo 
the ultimate moment in the absence of partial edge load. 
Based on this investigation, El-gaaly and Rockey also observed 
that the shape of the interaction curve between Pu/Puo and Mu/Muo 
varied with the h/t ratio and that the collapse load was affected by 
the initial imperfections in the web and flange. It should be noted 
that in these tests, the webs of the beam specimens were stiffened 
by diaphragms at a spacing of 12 inches. The flanges of the beams 
were stiffened by angle sections. In addition, the specimens were 
limited by the following conditions. 
(a) thickness of trapezoidal sections: 0.037 to 0.102 inches 
(0.936 to 2.581 mm) 
(b) yield points of steels: 33.33 to 40.52 ksi (229.9 to 
279.6 KN) 
(c) depth to thickness ratios (h/t): 200 to 250 
(d) aspect ratio of web plate (a/h): 1.0 
(e) bearing length-to-panel length ratio (N/a): 0.2. 
Recently, the structural behavior of cold-formed steel flexural 
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members subjected to combined web crippling load and bending moment was 
studied extensively in Europe (1,3). Based on the test results of 
trapezoidal sheet panels having both vertical and inclined webs, the 
following interaction formula for combined web crippling load and 
bending moment was developed and used in the Swedish Code (1). 
R M 
~ +~~ < 1.3 
Rtheo Mtheo 
(3) 
in which R is the ultimate load obtained from the test, Rtheo the 
exp 
ultimate load ca~culated according to Section 4.12 of Ref. 3, Mexp 
the ultimate moment obtained from the test, and Mtheo the ultimate 
moment calculated according to Section 4.11 of Ref. 3. According to 
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Baehrey Eq. (3) was based on the test results f b o eam specimens having 
both reinforced and unreinforced webs (1). 
EXPERIMENTAL INVESTIGATION 
The purpose of the recently completed experimental investigation 
was to study the structural behavior of beam specimens having single 
unreinforced webs when they are subjected to bending and web crippling 
at the location of a concentrated load at midspan. The results ob-
tained from the tests have been used to develop the interaction formula 
between bending and web crippling. 
A total of 28 beam specimens having single unreinforced webs were 
tested at the University of Missouri-Rolla. All the beam specimens 
were fabricated from channel sections as shown in Fig. 1. These 
sections were braced by 3/4 x 3/4 x 1/8 in. (19.05 x 19.05 x 3.23 mm) 
angles at the compression flanges and by 1/8 x 3/4 in. (3.23 x 19.05 
mm) rectangular bars at the tension flanges. Self-tapping screws 
(#12 x 14 x 3/4 Tek screws) were used for connectors. The intervals 
between the lateral braces were such that lateral buckling of each 
individual channel section was prevented. In the investigation, foil 
strain gages were mounted on both top and bottom flanges to verify 
the bending stress in both flanges (Fig. 3). 
The measured cross-sectional dimensions and the pertinent 
parameters of all beam specimens are given in Tables A.4 and B.4 of 
Appendices A and B in Ref. 5. Figure 2 shows the cross sections 
of the beam specimens used in the Cornell study (13). At UMR, all 
the beam specimens were tested in an 8-ft wide, 9-ft high, and 21-ft 
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long loading frame, which is anchored to an 18-ft wide and 60-ft long 
test bay. The following discussions deal with the test setup and test 
procedure used in the UMR experimental study. 
(i) Test Setup 
All beam specimens were tested as simply supported beams by using 
rollers and supporting plates at both ends. In addition, a bearing 
plate was placed at midspan such that the clear distance between the 
edges of the supporting plate and the bearing plate was greater than 
1.5 h; his the depth of the web elements (Fig. 4). A BLH load cell 
was then placed between the bearing plate and the hydraulic jack for 
measuring the applied load, which was applied by a manually operated 
pump. Braces were attached to each side of the specimen so that it 
was prevented from twisting. 
(ii) Test Procedure 
During the tests, the loads were applied at an approximate 
increment of 10% of the predicted ultimate load. At each increment 
of load, the applied jack load was recorded by a data acquisition 
system on both printed and punched paper tape (4,5). In addition~ the 
lateral deformations of the expected failure portion of the webs were 
measured for the following three loading conditions: 1) initial 
loading, 2) approximately one-half of the predicted ultimate load, 
and 3) failure load. 
The lateral deformations of the webs were measured to the nearest 
one thousand of an inch (0.0254 mm) by using five potentiometers 
attached to a movable frame (4,5). This special measurement equip-
ment could be adjusted to any position according to the grid lines 
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plotted on the webs. The readings of the potentiometers were also 
recorded and printed out on tape by using the data acquisition system. 
According to the profiles of the deformed webs, special instru-
ments consisting of a Wang Model 600 programmable calculator, an X-Y 
plotter, and a paper tape reader were used to interpret the perforated 
tape and to plot the deformed shape of the webs. A detailed 
description on this special instrument is included in Appendix c 
of Ref. 5. 
RESULTS OF TESTS 
The ultimate loads obtained from the UMR tests, (P)t, are listed 
in Table 1. Also presented in the table are the values of actual 
bending moments, M, and the shear forces, V, computed from the 
tested loads. 
From the research findings presented by the authors in Ref. 4 
and 5, it was realized that the web crippling loads of the beams were 
reduced when the actual bending moments exceed about 30% of the 
ultimate moment capacities, M . For this reason, this phase of 
u 
investigation on combined bending and web crippling involved only 
those tests for which M is greater than 0.30 M . u 
In the above discussion, the ultimate moments, M , of the beam 
u 
specimens were governed by either the compressive strength of flanges 
or by the bending strength of webs as follows: 
(i) Ultimate Moment of the Entire Section Governed by the 
Strength of the Flanges 
For beams with stiffened compression flanges, consideration was 
given to the postbuckling strength of the stiffened compression flanges 




where (Mu)fl = computed ultimate moment of each channel that is based 
on the effective area of stiffened compression flanges 
and full areas of the tension flange and web, inch-
kips; 
(Mu)f2 = computed ultimate moment of each channel that is based 
on shear lag consideration for both compression and 
tension flanges combined with full area of the web, 
inch-kips; 
S = section modulus of each channel that is based on the 
X 
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effective width of the compression flange determined in 
accordance with Section 2.3.1.1 of the AISI Specifica-
tion (12) and the full widths of the tension flange and 
3 
web, inches ; 
S' = section modulus of each channel that is based on the 
X 
shear lag consideration (i.e., the effective widths 
of both the compression and tension flanges are used in 
accordance with Section 2.3.5 of the AISI Specifica-
3 
tion) and the full area of the webs, inches ; 
F = yield point of steel, kips per square inch. 
y 
For beams having unstiffened compression flanges, the ultimate 
moment of the specimen was determined by the reduced stress method in 
accordance with Section 3.2 of the AISI Specification. A safety 
factor of 1.67 was used in the evaluation. 
(6) 
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where (Mu)f3 = computed ultimate moment of each channel that is 
based on the full area of flange and web, inch-
kips; 
(S ) = section modulus of each channel that is based on x full area 
the full area of flange and web, inches 3 ; 
F = allowable stress for unstiffened compression c 
elements that is determined in accordance to 
Section 3.2 of the AISI Specification, kips per 
square inch. 
The same formula (Eq. (S)) was used for the consideration of 
shear lag. 
(ii) Ultimate Moment of the Entire Section Governed by the 
Bending Strength of the Webs 
If the moment is governed by the bending capacity of the webs, 
the ultimate moment of the entire section can be determined by Eq. (7) 
according to LaBoube and Yu (6,7): 
(M ) = S"F 4> u w x cr 
(7) 
where (M ) = computed ultimate moment of each channel that is based 
uw 
on the effective area of the compression flange combined 
with the full area of the tension flange and web, 
inch-kips; 
S~ = section modulus of each channel that is based on the 
full widths of the tension flange and web and the 
effective width of the compression flange that is 
determined on the basis of Section 2.3.1.1 of the AISI 
Specification with f = 0.60 F or 0.60 F , whichever cr y 
3 
is smaller, inches ; 
F = critical bending stress in webs, kips per square inch, 
cr 
k' = buckling coefficient, 
= 4 + 2(1+8) 3 + 2(1+8); 
f = maximum compressive bending stress in webs, kips per 
c 
square inch; 
ft = maximum tensile bending stress in webs, kips per square 
inch; 
E = modulus of elasticity, 
= 29.5 x 103 kips per square inch; 
~ = Poisson's ratio 
= 0.30; 
h/t = web slenderness ratio or depth to thickness ratio of 
the web; 
~ = postbuckling strength factor for the web, 
= ala2a3a4; 




= 0.462 x fc/ft + 0.538; 
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a3 = 1.16 - 0.16 x (w/t)/(w/t)lim' for stiffened compression 
flange, with (w/t)/(w/t)lim ~ 2.25, 
= 0.838 - 0.0191 x (w/t)/(w/t)lim' for unstiffened 
compression flange with w/t < 60; 
a4 = 0.561 x FY/33 + 0.10. 
The computed ultimate moment presented in Table 1 as M is the 
u 
smallest value of the bending moments computed from Eqs. (4) through 
(7) for each specimen. 
The effect of shear on the possible reduction of web crippling 
load was also investigated. The ultimate shear force, V , for each 
u 
beam specimen was computed on the basis of either shear yielding or 
shear buckling whichever is applicable. Details of the calculations 
are given by the authors and LaBoube in Refs. 4 and 7. 
EVALUATION OF TEST RESULTS 
In Table 1, the type of failure mode is indicated for each 
specimen. For specimens having a h/t ratio of about 100, web 
crippling failure occurred beneath the bearing plate at the location 
of the applied concentrated load. Two of these specimens, nos. 
SU-BC-1-5 and SU-BC-1-6, however, failed first by web crippling and 
then by flange yielding. For specimens with a h/t ratio of about 150, 
all web crippling failures were located beneath the bearing plates 
supporting the applied concentrated loads. Figure 5 is an illustra-
tion of the web crippling failure of specimen no. SU-BC-15-3. However, 
for specimens with a h/t ratio of about 200, the failure was governed 
by web crippling, except for specimen Nos. SU-BC-3-5 and SU-BC-3-6. 
For these two tests, the failure was initiated by web crippling and 
followed by web buckling as indicated in Table 1. 
Effect of Bending Moment on Web Crippling Load 
The results of 46 beam tests were carefully evaluated for the 
interaction between bending and web crippling. In the UMR study, 
the results of the following interaction formula were compared with 
the test data: 
(P) 
t + !L < 1 30 
(P') M - • 
u c u 
(8) 
In the above equation, (P) is the tested load in kips, (P') the 
t u c 
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predicted web crippling load for the case of interior one-flange load-
ing obtained in Refs. 4 and 5 in kips, M the actual bending moment 
determined on the basis of the tested load in inch-kips, and M the u 
computed ultimate bending moment based on Eqs. (4) through (7), 
whichever is smaller, in inch-kips. 
In Eq. (8), the predicted web crippling load for the interior 
one-flange loading was computed as follows {4,5): 
F R 
(1.22-0.22 Jt)(l.06-0.06 t)[l6317+113(N/t) 
-0.15(N/t)(h/t)-22(h/t)J (9) 
in which t is the thickness of web element in inches, F the yield y 
point of steel in kips per square inch, R/t the inside bend corner 
radius to thickness ratio, N/t the bearing length to thickness ratio, 
and h/t the depth to thickness ratio. 
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It should be noted that the same interaction formula (Eq. (8)) 
was used in Addendum No. 2 of the AISI Specification (12). except that 
in the AISI design provision, the allowable load and the allowable 
bending moment permitted by the AISI Specification were used. 
A graphical comparison of Eq. (8) and the test results is shown 
in Fig. 6. It can be seen that the web crippling load is affected by 
the presence of bending moment, M, when it is greater than 0.30 M • u 
Numerically, the moment ratios, M/Mu' and the load ratios, (P) /(P') t u c 
are listed in Table 1 for all test specimens. Also given in Table 1 
are the ratios of (P)t/(P') and B/1.30 for all test specimens. In 
u c 
the preceding expression, the term B was derived from Eq. (8) as 
follows: 
M (P)t 
B •- + (P') 
Mu u c 
The ratio of B/1.30 can be used to indicate the accuracy of the 
interaction formula (Eq. (8)). In view of the fact that the average 
value of B/1.30 for the UMR tests is equal to 1.023 and the standard 
deviation is 0.055, it seems that Eq. (8) can be used to predict the 
interaction between bending moment and web crippling load with reason-
able accuracy. However, an at tempt has been made to develop a 
theoretical equation on the basis of a regression analysis. Based on 
the results of 46 beam tests conducted at UMR and Cornell on combined 
bending and web crippling, the following interaction formula was 
developed: 
(P)t . M 
0.9 X (P') + M ~ 1.24 
u c u 
(10) 
In the above equation, the terms (P) (P') M and M have been 
t' u c' ' u 
previously defined. A study of Eq. (10) reveals that the web 
crippling load is not affected by bending moment when the actual 
tested moment is less than 34% of the computed maximum moment 
capacity, i.e., M ~ 0.34 Mu. In Fig. 6, the results of Eq. (10) have 
been compared with the test results. The numerical values of M/M • 
u 
~)t/(P~)c and A/1.24 are given in Table 1, in which the term A was 
derived from Eq. (10) as follows: 
M (P) t 
A • M- + 0.9 x 5 (P' 
u u c 
The ratio of A/1.24 indicates the accuracy of Eq. (10). Because the 
average value of A/1.24 listed in Table 1 is 1.006 and the standard 
deviation is 0.056, both Eqs. (8) and (10) can be used to predict 
the interaction between web crippling and bending moment. 
Effect of Shear on Web Crippling Load 
The effect of shear on web crippling load was also briefly 
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investigated. This was accomplished by studying the relationship 
between the ratios of V/Vu and (P)t/(Pu)R. In the preceding expression, 
V is the actual shear force in the beam subjected to the tested load, 
i.e., V • (P)t/2, Vu the ultimate shear capacity of the beam web as 
given in Table 2, (P)t the actual tested load when web crippling 
occurs in the specimen, and (Pu)R the reduced web crippling load 
that is computed by considering the effect of bending moment. The 
values of (P ) and (P )Rl were computed by using Eqs. (8) and (10) 




(Pu)Rl • (1.24 - ~) u c 
M 0.9 u 
Also presented in Table 2 are the ratios of (P)t/(Pu)Rl' 




(P)t/{Pu)Rl is shown in Fig. 7 for the UMR and Cornell tests. An 
inspection of the ratios V/V given in Table 2 indicates that for 
u 
the tests conducted to date the web crippling loads are not affected 
by shear in the beam webs. 
SUMMARY 
The possible effects of bending moments and shear forces on 
web crippling loads of cold-formed steel beams having single unrein-
forced webs have been studied at the University of Missouri-Rolla 
(UMR). This phase of the investigation involved a literature review 
and the testing of 28 beam specimens subjected to combined bending and 
web crippling. Based on the UMR tests and the 18 tests conducted 
previously at Cornell University, an interaction formula for bending 
moment and web crippling load was developed. This equation can be 
used to predict the web strengths for channels, hat sections, and 
other similar shapes that have single unreinforced webs. For the 
beam webs studied in this investigation for which the actual shear 
forces are less than about 50% of the maximum shear capacities of 
the beams, the web crippling loads are not affected by shear if due 
consideration is given to the effect of bending moment. 
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APPENDIX Il.--NOTATION 
The following symbols are used in this paper 
E • modulus of elasticity, kips per square inch; 
Fer = critical bending stress in webs, kips per square 
inch; 
Fy = yield point of steel, kips per square inch; 
Fe = allowable stress for unstiffened compression 
elements, kips per square inch; 
f = maximum compressive bending stress in web, kips per 
c 
square inch; 
f = maximum tensile bending stress in web, kips per 
t 
square inch; 
h = clear distance between flanges measured along the 
plane of web, inches; 
k' = buckling coefficient in bending; 
M = tested bending moment of each channel, inch-kips; 
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M' =allowable bending moment used in Eq. (1), inch-kips; 
M = computed maximum moment of each channel, inch-kips; 
u 
M" = tested ultimate moment in the presence of partial 
u 
edge load used in Eq. (2), N-m; 
M = predicted ultimate moment in the absence of partial 
uo 
edge load used in Eq. (2), N-m; 
M =tested bending moment used in Eq. (3), N-m; 
exp 
M =predicted ultimate moment used in Eq. (3), 
theo 
N-m; 
(Mu) fl to (M) fJ = computed maximum moment of each channel section 
governed by the strength of flanges, inch-kips; 
(Mu)w = computed maximum moment of each channel section 
governed by bending strength of the web, inch-kips; 
m • actual bending moment used in Eq. (1), inch-kips; 
N = length of bearing plate, inches; 
P = concentrated load or reaction in the presence of 
bending moment used in Eq. (1), per web, kips; 
P = allowable concentrated load or reaction used in 
max 
Eq. (1), per web, kips; 
P = ultimate load obtained from test used in Eq. (2), 
u 
per web, N; 
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P =predicted ultimate load used in Eq. (2), per web, N; 
uo 
(P') =predicted ultimate load, per web, kips; 
u c 
(P)t = tested load in the presence of bending moment, per 
web, kips; 
(Pu)Rl' (Pu)R2 = reduced web crippling load, per web, kips; 
R = ultimate load obtained from test used in Eq. (3) 
exp 
and (3a}, per web, N; 
R =predicted ultimate load used in Eqs. (3) and (3a), 
theo 
per web, N; 
S S' S" • computed section modulus, cubic inches; 
x' x' x 
(S ) = computed section modulus based on the full area, 
x full area 
cubic inches; 
t = thickness of base material, inches; 
v • computed maximum shear force, per web, kips; 
u 
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V • tested shear force, per web, kips; 
w = flat width of the compression flange, inches; 
a1 = postbuckling factor for h/t; 
a2 • postbuckling factor for lf/ftl; 
a3 = pos tbuckling factor for (w/t) /(w/t) lim; 
a4 • pos tbuckling factor for F ; y 
6 = lft/fcl; 
1.! .. Poisson's ratio; 
¢ • postbuckling strength factor for bending. 
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COMPARISON OF THE TESTED AND COMPUTED RESULTS FOR COMBINED BENDING AND WEB CRIPPLING 
SINGLE UNREINFORCED WEBS 
Specimen 
Test Data, per channel Computed Data, per channel 
M 
(P) 
t A (3} B(4} 
No. (P)t, in M, in V, in (P~}, in Mu, in Vu• in M (P') 1.24 1.30 
kips inch-kips kips kips inch-kips kips u u c 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
SU-BC-1-1 1.140 11.40 0.570 1.407 21.33 3.077 0.534 0.810 1.018 1.034 
SU-BC-1-2 1.180 11.30 0.565 1.407 21.26 3.082 0.532 0.803 1.011 1.027 
su-BC-1-3 0.860 15.91 0.430 1.410 21.23 3.022 0.749 0.610 1.047 1.045 
SU-BC-1-4 0.890 16.46 0.445 1.442 21.33 3.216 0.772 0.617 1.070 1.068 
SU-BC-1-5 0.610 21.05 0.305 1.469 21.73 3.211 0.969 0.415 1.082 1.065 
SU-BC-1-6 0.530 18.29 0.265 1.411 21.23 3.019 0.862 0.375 0.967 0.952 
SU-BC-3-1 1.200 19.80 0.600 1.486 52.93 1.770 0.374 0.807 0.887 0.908 
SU-BC-3-2 1.335 22.03 0.668 1.488 54.73 1.886 0.403 0.900 0.978 1.002 
su-nc-3-3 1.105 25.97 0.553 1.489 54.39 1.829 0.477 0.742 0.923 0.938 
SU-BC-3-4 1.170 27.50 0.585 1.487 54.97 1.824 0.500 0.790 0.980 0.992 
SU-BC-3-5 0.925 29.60 0.463 1.425 52.87 1.697 0.560 0.650 0.923 0.931 
SU-BC-3-6 1.020 32.64 0.510 1.487 54.89 1.800 0.595 0.690 0.981 0.988 
SU-BC-15-1 2.090 24.04 1.045 2.057 68.88 2.623 0.349 1.016 1.019 1.050 
SU-BC-15-2 2.075 23.86 1.038 2.149 72.18 2.766 0.331 0.966 0.968 0.998 
SU-BC-15-3 1.840 39.56 0.920 2.150 71.66 2.633 0.552 0.856 1.066 1.083 
SU-BC-15-4 1.800 38.70 0.900 2.064 69.16 2.483 0.560 0.872 1.084 1.102 
SU-BC-15-5 1.500 51.75 0.750 2.152 71.36 2.611 0.725 0.700 1.093 1.096 
SU-BC-15-6 1.500 51.75 0. 750 2.242 74.21 2.783 0.697 0.670 1.048 1.052 
SU-4-IOF-1 1.526 9.531 0.763 1.612 31.41 3.901 0.303 0.946 0.931 0.961 
SU-4-IOF-2 1.525 9.531 0.763 1.585 31.50 4.014 0.315 0.962 0.952 0.982 
SU-4-lOF-3 1. 770 11.06 0.885 1.835 31.88 4.108 0.347 0.964 0.980 1.008 
SU-4-IOF-4 l. 775 11.09 0.885 1.839 31.57 4.065 0.351 0.965 0.983 1.012 
su-4-IOF-5 2.085 13.03 0.888 2.059 31. 7l 4.063 0.411 1.012 1.066 1.095 





























COMPARISON OF THE TESTED AND COMPUTED RESULTS FOR COMBINED BENDING AND WEB CRIPPLING 
SINGLE UNREINFORCED WEBS 
Specimen Test Data, per channel 







Mean (UMR tests only) 
Standard deviation 








Computed Data, per 







Notes: 1. 1 kip = 4.45 KN; 1 in--kip = 113 N-m. 
2. For designation of specimens, see Refs. 4 and 5. 
3. 
M (P) t 
A= Ml + 0.9 (P') 
u u c 
4. 
M (P\ 
B = M + (P') 
u u c 
channel 
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INFORMATION REQUIRED FOR A STUDY OF THE EFFECT OF SHEAR ON WEB CRIPPLING 
LOAD, SINGLE UNREINFORCED WEBS 
Reduced Web Crippling Load, 
(P) t (P) t 
Specimen No. (P) t' in v 1>er web -kips v (Pu)Rl' in (P u>R2' in (Pu)R1 (P u)R2 u kips kips 
(1) (2) (3) (4) (5) (6) (7) 
SU-BC-1-1 1.40 0.185 1.104 1.017 1.032 1.057 
SU-BC-1-2 1.13 0.183 1.106 1.081 1.022 1.045 
SU-BC-1-3 0.860 0.142 0.769 0.780 1.118 1.102 
SU-BC-1-4 0.890 0.138 0.750 0. 761 1.186 1.169 
SU-BC-1-5 0.610 0.095 0.442 0.490 1.380 1.244 
SU-BC-1-6 0.530 0.088 0.593 0.618 0.900 0.857 
SU-BC-3-1 1.200 0.340 1.429 1.376 0.840 0.872 
SU-BC-3-2 1.335 0.354 1.384 1.335 0.965 1.000 
SU-BC-3-3 1.105 0.302 1.262 1.225 0.876 0.902 
SU-BC-3-4 1.170 0.321 1.223 1.190 0.960 0.983 
SU-BC-3-6 1.020 0.283 1.066 1.048 0.957 0.973 
SU-BC-15-1 2.090 0.400 2.036 1.956 1.026 1.068 
SU-BC-15-2 2.075 0.375 2.170 2.082 0.956 0.997 
SU-BC-15-3 1.840 o. 349 1.643 2.044 1.119 0.900 
SU-BC-15-4 1.800 0.362 1.560 1.527 1.153 1.178 
SU-BC-15-5 1.500 0.287 1. 231 1.240 1.218 1.209 
SU-BC-15-6 1.500 0. 269 1.353 1. 352 1.108 1.109 
SU-4-IOF-l 1.526 0.196 1.678 1.580 0.909 0.966 
SU-4-IOF-2 1.525 0.239 1.629 1.561 0.936 0. 977 
SU-4-IOF-3 1. 770 0.215 1.821 1. 749 0.972 1.012 
SU-4-IOF-4 1. 775 0.218 1.816 1. 745 0.977 1.017 
Su-4-IOF-5 2.085 0.257 1.896 1.830 1.099 1.139 
SU-4-IOF-6 1.985 o. 243 1.936 1.867 1.025 1.063 
TABLE 2 
INFORMATION REQUIRED FOR A STUDY OF THE EFFECT OF SHEAR ON WEB CRIPPLING 
LOAD, SINGLE UNREINFORCED WEBS 







Mean (UMR tests only) 
Standard deviation 









Reduced Web Crippling Load, 
_per web 


























3. The reduced web crippling loads were computed by considering the 
effects of bending moments as follows: 
M (P~) c 
(P u)Rl = (1. 24 - M) 0.9 
u 
4. All values of M/M , (P') • (P)t, V, and V are obtained from Table 1. u u c u 
COLD-FORMED STEEL I-BEAMS SUBJECTED TO COMBINED 
BENDING AND WEB CRIPPLING 
By Nipon Hetrakul and Wei~en Yu 
ABSTRACT 
For cold-formed steel flexural members, compressive bending 
stress, shear stress, and the bearing stress that results from 
partial edge loading or reaction may act simultaneously in simply 
supported beams, continuous beamst and cantilevers. In order to 
study the interaction of these combined stresses, an experimental 
investigation was recently conducted at the University of Missouri-
Rolla (UMR}. It involved the testing of 73 I-beam specimens subjected 
to a combination of partial edge loading, bending moment, and shear 
force. Based on a regression analysis of the data obtained from 
these tests and the 33 tests conducted previously at Cornell 
University, an interaction formula was developed to predict the effect 
of the bending moment on the web crippling strength of !-beams having 
unreinforced webs. It was found that the shear force has little 
or no effect on the web crippling load 
KEYWORDS: web; bearing capacity; cold-formed steel; beam (structural) 
web slenderness ratio; tests; moment; shear strensth; 
interaction; buckling 
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COLD-FORMED STEEL I-BEAMS SUBJECTED TO COMBINED 
BENDING AND WEB CRIPPLING 
By Nipon Hetrakul1 and Wei-Wen Yu, 2 F. ASCE 
INTRODUCTION 
During the past few years, a considerable amount of research on 
combined bending and web crippling of cold formed steel beams has 
been performed in Europe and the United States ( 1, 2, 7, 8), However, 
the majority of the research work deals primarily with cold-formed 
steel beams having single unreinforced webs (4,5). No extensive study 
has been conducted on I-beams subjected to a combination of bending 
and web crippling. Recently, the structural behavior of cold-formed 
steel beam webs was studied at the University of Missouri-Rolla (UMR) 
under the sponsorship of the American Iron and Steel Institute. In 
this research project, beam webs subjected to bending stress, shear 
stress, combined bending and shear stress, web crippling, and combined 
web crippling and bending were studied in detail. 
The research findings on beam webs subjected to bending, shear, 
combined bending and shear, and web crippling have been discussed 
elsewhere (4-6). This paper presents the interaction formulas for 
~earch Assistant, Department of Civil Engineering, University of 
Missouri-Rolla, Rolla, Missouri. 
2 
Professor of Civil Engineering, University of Missouri-Rolla, Rolla, 
Missouri. 
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!-beams subjected to a combination of bending and web crippling. The 
formulas are based on the web crippling strength of I-beams discussed 
by the authors in Refs. 4 and 5, and on the results of the 73 UMR 
tests and 33 Cornell tests conducted for the case of combined bending 
and web crippling. 
LITERATURE REVIEW 
The problem of combined bending moment and web crippling load 
has recently been investigated by many researchers. In 1972, the 
National Association of Home Builders (NAHB) Research Foundation 
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conducted nine beam tests on cold-formed steel channels to investigate 
the interaction between bending and web crippling (7,8). Based on 
the results of these tests, the following interaction formula was 
suggested by Ratliff (8): 
{1) 
in which P is the concentrated load or reaction in the presence of 
the bending moment, p the allowable concentrated load or reaction 
max 
as defined in the AISI Specification multiplied by a factor of safety 
of 1.85, m the actual bending moment, and M' the allowable bending 
moment permitted by the AISI Specification if bending stress only 
exists multiplied by a factor of safety of 1.67. 
Recently, the structural behavior of cold-formed steel beam webs 
subjected to combined web crippling load and bending moment was 
studied extensively in Europe (1,3). Based on the test results, the 
following interaction formula was developed for single unreinforced 
webs subjected to combined web crippling 1 d oa and bending moment: 
R exp Me 
R 
theo 
+-31!-.. < 13 M • 
theo 
(2) 
In Eq. (2), R =ultimate load obtained from the test, R = 
exp theo 
mate load calculated according to Section 4.12 of Ref. 3, M 
exp = 
ulti-
ultimate moment obtained from the test, and Mtheo • ultimate moment 
calculated according to Section 4.11 of Ref. 3. 
EXPERIMENTAL INVESTIGATION 
The objective of this experimental study was to determine the 
structural behavior of cold-formed steel I-beams subjected to bending 
and web crippling at the location of concentrated load at midspan. 
The test data obtained from this series of tests were used to develop 
the interaction formulas between bending and web crippling for 
I-beams having a high degree of restraint against the rotation of 
webs. 
A total of 73 I-beam specimens having unreinforced webs were 
tested. All the beam specimens were fabricated from channel sections 
connected back to back by using self-tapping screws (#12 x 14 x 3/4 
Tek screws) at a distance of 1/2 in. (12.7 mm) from the top and bottom 
flanges. The self tapping screws were driven alternately at a dis-
tance of 2 in. (50.8 mm) from center to center. In this investigation, 
foil strain gages were mounted on both the top and bottom flanges 
to verify the bending stresses in both flanges (Fig. 1). The actual 
cross-sectional dimensions and the pertinent parameters of all the 
beam specimens are listed in Tables A.S and B.S (Appendices A and 
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B) in Ref. 5. Figure 2 shows the cross sections of the I-beams used 
in the Cornell study (11). 
TESTING OF SPECIMENS 
All the beam specimens were tested in an 8-ft wide, 9-ft high, 
and 21-ft long loading frame, which is anchored to an 18-ft wide and 
60-ft long test bay. The following discussions deal with the test 
setup and procedure used in this experimental study. 
(i) Test Setup 
All beam specimens were tested as simply supported beams by 
using rollers and supporting plates at both ends. In addition, a 
bearing plate was placed at midspan such that the clear distance 
between the edges of the supporting plate and bearing plate was 
greater than 1.5 h; h is the depth of web element. A BLH load cell 
was then placed between the bearing plate and the hydraulic jack for 
measuring the applied load, which was applied by a manually operated 
pump. Braces were attached to each side of the specimen so that it 
was prevented from twisting (Fig. 3). 
(ii) Test Procedure 
During the tests, the loads were applied at an approximate 
increment of 10% of the predicted ultimate failure load. At each 
increment of the load, the applied jack load was recorded by a 
data acquisition system on both printed and punched paper tapes 
(4,5). In addition, the lateral deformations of the expected failure 
Portion of the webs were measured at the following three loading 
conditions: 
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• initial loading 
• approximately one-half of the predicted ultimate load, and 
• failure load. 
The lateral deformations of the webs were measured to the nearest 
one thousand of an inch {0.001 in. • 0.0254 mm) by using five linear 
potentiometers attached to a movable frame (4,5). This special 
equipment could be adjusted to any position according to the grid 
lines plotted on the web. The readings of the potentiometers were 
also recorded and printed out on tape by using the data acquisition 
system. 
With regard to the profiles of the deformed webs, special 
instruments consisting of a Wang Model 600 programable calculator, 
an X-Y plotter, and a paper tape reader were used to interpret the 
perforated tape and to plot the deformed shape of the webs. 
RESULTS OF TESTS 
The ultimate loads obtained from the tests, (P)t, are given in 
Tables l(a) and l(b). These two tables also contain the actual 
bending moments, M, and the shear forces, V, computed from the tested 
loads. 
A study of the test data on web crippling of I-beams presented 
by the authors indicates that the web crippling loads are noticeably 
reduced when the actual bending moments exceed 40% of the ultimate 
moment capacities, Mu' of the beam specimens (4,5). For this reason 
the investigation of the interaction between bending and web crippling 
included only those tests for which M > 0.40 Mu· 
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In the above discussion~ the ultimate moments, M , of the beam 
u 
specimens were determined for the strengths of flanges and webs as 
follows: 
(i) Ultimate Moment of the Entire Section Governed by the 
Strength of the Flanges 
For beams with stiffened compression flanges, consideration was 
given to the postbuckling strength of the stiffened compression 
flanges and the effect of the shear lag as indicated in Eqs. (3) and 
(4) respectively: 
(M )fl == S F 
U X y (3) 
(M ) • S 'F 
U f2 X y (4} 
where (Mu)fl == computed ultimate moment of each channel that is based 
on the effective area of stiffened compression flanges 
and full areas of the tension flange and web, inch-kips; 
(Mu)£2 =computed ultimate moment of each channel that is based 
on the shear lag consideration for both compression 
and tension flanges combined with the full area of the 
web, inch-kips; 
S = section modulus of each channel that is based on the 
X 
effective width of the compression flange determined 
in accordance with Section 2.3.1.1 of the AISI Specifica-
tion (10) and the full widths of the tension flange and 
3 web, inches ; 
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S' = 
X section modulus of each channel that is based on the shear 
lag consideration, (i.e., the effective widths of both 
the compression and tension flanges are used in accordance 
with Section 2.3.5 of the AISI Specification) and the full 
3 area of the webs, inches ; 
Fy c yield point of steel, kips per square inch. 
For beams having unstiffened compression flanges, the ultimate 
moment of the specimen was determined by the reduced stress method in 
accordance with Section 3.2 of the AISI Specification. A safety 
factor of 1.67 was used in the evaluation. 
where 
(Mu)£3 = (S )f 11 (1.67)(F) x u area c (5) 
(Mu)f
3 
=computed ultimate moment of each channel that is 
based on the full area of flange and web, 
inch-kips; 
(S ) = section modulus of each channel that is based on 
x full area 
3 
the full widths of flanges and webs. inches ; 
F = allowable stress for unstiffened compression 
c 
elements that is determined in accordance to 
Section 3.2 of the AISI Specification, kips per 
square inch. 
The same formula (Eq. (4)) was used for the consideration of 
shear lag. 
(ii) Ultimate Moment of the Entire Section Governed by the 
Bending Strength of the Webs 
If the moment is governed by the bending capacity of the webs, 
the ultimate moment of the entire section can be determined by 
Eq. (6) according to Ref. 6. 
(M ) • S"F 4> u w x cr (6) 
where (Mu)w • computed ultimate moment of each channel that is based 
on the effective area of the compression flange combined 
with the full area of the tension flange and web, inch-
kips; 
S" • section modulus of each channel that is based on the full 
X 
widths of the tension flange and web and the effective 
width of the compression flange that is determined on the 
basis of Section 2.3.1.1 of the AISI Specification with 
3 f • 0.60 F or 0.60 F , whichever is smaller, inches ; 
cr y 
F • critical bending stress in webs, kips per square inch, 
cr 
k' • buckling coefficient, 
- 4+2(1+8) 3+2(1+6); 
B = jft/fcj; 
f = maximum compressive bending stress in the web, kips 
c 
per square inch; 
f = maximum tensile bending stress in the webs, kips per 
t 
square inch; 
E • modulus of elasticity, 
• 29.5xl03 kips per square inch; 
~ • Poisson's ratio, 
- 0.30; 
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h/t • web slenderness ratio or depth to thickness ratio of 
the web; 
~ = postbuckling strength factor for the web 
' 
= ala2a3a4; 
a1 = 0.017 x h/t- 0.790; 
a2 = 0.462 x fc/ft + 0.538; 
a3 = 1.16 - 0.16 x (w/t)/(w/t)lim' for stiffened compression 
flange with (w/t)/(w/t)lim ~ 2.25, 
= 0.838 - 0.0191 x (w/t)/(w/t)lim' for unstiffened 
compression flange with (w/t) ~ 60; 
a4 = 0.561 X Fy/33 + 0.10. 
The values of the computed ultimate moments, M , listed in 
u 
Tables l(a} and l(b) are the smallest bending moments computed from 
Eqs. (3) through (6). 
For the effect of shear on the possible reduction of web 
crippling load, the ultimate shear force, V , for each specimen was 
u 
computed on the basis of shear yielding or shear buckling. These 
values are also presented in Tables l(a) and l(b). Details of 
calculation are given by the authors in Refs. 4 and 6. 
EVALUATION OF TEST RESULTS 
Prior to the evaluation, the failure modes of all the specimens 
indicated in Tables l(a) and l(b) were carefully examined. It 
was noted that for specimens with a h/t ratio of about 50, the beams 
failed first by web crippling and then immediately followed by flange 
Yielding. For specimens with a h/t ratio between 100 and 150, the 
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beams failed by web crippling beneath the bearing plates supporting 
the applied concentrated loads. For specimens having h/t ratios of 
approximately 200, the failures were usually governed by a combination 
of web crippling and web buckling. Figure 4 is an il1ustration of the 
type of failure mode for specimen no. I-BC-9-4, which was governed 
by web crippling. The failure mode of combined web crippling and web 
buckling is shown in Fig. 5 for specimen no. I-BC-9'-5. 
Effect of Bending Moment on Web Crippling Load 
In view of the fact that the slenderness ratio of the web 
element, h/t, plays an important role for the type of failure mode 
and the interaction relationship between web crippling and bending 
moment, the results of 106 beam tests were evaluated separately for 
two different ranges of h/t ratios. This is because for the specimens 
that have h/t ~ 400/~ for the webs and w/t ~ 190/~ for the 
stiffened compression flanges, the web crippling loads have little or 
no reduction due to the presence of bending moments if the ultimate 
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moment is determined in accordance with Eqs. (3) through (6). However, 
for the beams having relatively large h/t ratios, a considerable re-
duction in web crippling loads was noted for beams having large 
M/M ratios. Because large h/t ratios are generally used for cold-
u 
formed steel members, the test results of the 74 I-beams having h/t 
ratios between 400/~ and 200 were evaluated first by means of a 
y 
regression analysis. As a result, the following interaction formula 
was found to be suitable, i.e., 
for 1-beams having 400/~ < h/t < 200, y 




where (P)t is the tested load in kips, (P~)c the predicted web crippling 
load for the case of interior one-flange loading obtained from Refs. 
4 and 5* in kips, M the actual bending moment on the basis of tested 
load in inch-kips, and M the computed ultimate bending moment based 
u 
on Eqs. (3) through (6), Whichever is smaller in inch-kips. 
Equation (7) is compared graphically with the test results in 
Fig. 6. It can be seen that for 1-beams having relatively large h/t 
ratios, the web crippling load can be affected by the presence of the 
bending moment when M > 0.55 M and that when (P)t < 0.28 (P') there 
u - u c 
is no reduction of the moment capacity for beam webs due to the 
presence of a concentrated edge load. 
Numerically, the moment ratios, M/Mu' and the load ratios, 
(P)t/(P') , for the 74 beam tests are given in Table l(a). Also 
u c 
listed in Table l(a) are the ratios of C/1.18, for which the term C 
is derived from Eq. (7) 
M (P)t 
c .. M + 0 • 6 3 X (P ') 
u u c 
' ' *The predicted web crippling load per web for the interior one-flange 
loading is computed as 
F t ~ 
(P') = t~ (1.49-0.53 .....l.)(0.88+0.12x O 075)(15+3.25f'N/t) u c y 33 • 
in which t is the thickness of steel in inches, Fy the yield point of 
steel in kips per square inch and N/t the bearing length to thickness 
ratio. 
The ratio of C/1.18 indicates the accuracy of the interaction formula 
(Eq. (7)). The average of the C/1.18 ratios is 1.021 with a standard 
deviation of 0.118 as given in Table l(a). 
As discussed above, Eq. (7) was developed from the test data by 
using a regression analysis. The equation indicates that as long as 
the (P) /(P') ratio is not more than 0.28, the I-beam webs can resist 
t u c 
the full bending moment capacity without reduction (Fig. 6). In 
view of the fact that for single unreinforced webs, the limiting 
ratio of (P) /(P'} was selected to be 0.30 in Refs. 3 and 10, it 
t u c 
is believed that the same value of 0.30 can also be used for 1-beams 
without any noticeable difference. In addition, a slight conserva-
tive approach may be taken by using a limiting M/Mu ratio of 0.50 
instead of 0.55. Consequently, the following equation may be used 
in lieu of Eq. (7): 
(P) t + tf_ < 
0.715 x (P') . M _ 1.215 
u c u 
(8) 
Equation (8) is also shown in Fig. 6 for the purpose of comparison. 
In Table l(a), the selected equation (Eq. (8)} was compared 
numerically with the test results. This was done by using the 
computed values of D/1.215, which are given in the table for 74 
I-beams. In the above mentioned expression, the value of D is derived 
from Eq. (8) as folloWs: 
M (P)t 
D "" - + 0. 715 X (P t) 
Mu u c 
Because the average value of the D/1.215 ratios is 1.054 with a 
standard deviation of 0.122, which represents a close correlation 
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between the prediction and the test results, it is believed that 
Eq. (8) can be used for the combined web crippling and bending 
moments for !-beams having large h/t ratios. 
For !-beams having h/t < 400/n and w/t < 190/IF for - y - y 
stiffened flanges, the following formula was developed from a 
regression analysis on the basis of 32 I-beam tests: 
(P) t M 
0.604 X (P ') + M ~ 1.460 (9) 
u c u 
All the symbols used in Eq. (9) have been defined. Figure 7 show the 
correlation between Eq. (9) and the test results. The ratios of 
M/M and (P) /(P') for the 32 tests were computed and are listed 
u t u c 
in Table l(b). Also listed in the table are the ratios of E/1.460, 
for which the values of E are derived from Eq. (9) as follows: 
M {P)t 
E. "" M + 0.604 X {P') 
u u c 
In Table l(b), the average value of E/1.460 is 0.974 with a standard 
deviation of 0.115. These values indicate the accuracy of the 
prediction. 
Effect of Shear on Web Crippling Load 
The effect of shear on the possible reduction of the web 
crippling load was also investigated. For this purpose, the ratios 
of V/V and (P) /(P ) were computed for all the beam specimens and 
u t u R 
are given in Tables 2(a) and 2(b). In the preceding expressions, V 
is the actual shear force in the beam under the failure load (i.e. 
V • 0.5 (P)t)' vu the ultimate shear capacity of the beam as given in 
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Tables l(a) and l(b), (P)t the actual tested load when web crippling 
occurs in the specimen, and (Pu)R the reduced web crippling load 
computed by considering the effect of bending moment. The values of 




( p ) ( M u c 
U Rl"" 1.215 - ~ X 0.715 
u 
(10) 
Also presented in Table 2 are the ratios of (P) / (Pu) Rl, and 
Graphic presentations of V/V versus {P) /(P ) for 74 beam 
u t u Rl 
tests are shown in Fig. 9. An inspection of the test results in 
Fig. 9 indicates that for the beam specimens used in this study the 
web crippling loads are not affected by shear in the beam webs when 
due consideration is given to the effect of bending moment. 
SUMMARY 
The problem of combined bending and web crippling of !-beams 
having a high degree of restraint against rotation of the webs was 
studied experimentally. The results of 106 I-beam testa (73 UMR tests 
and 33 Cornell tests) were used for the evaluation. In the investiga-
tion, it was found that for specimens having relatively large h/t 
ratios, [i.e., 400/~ < h/t < 2001, the results of 74 I-beam tests 
y -
indicate a significant reduction in web crippling loads when the actual 
bending moment exceeds one-half of the ultimate moment capacity. Based 
on a regression analysis, an interaction formula was developed for 
I-bea:ms when they are subjected to a combination of bending and web 
crippling. It was found that for the 32 I-beams having relatively 
small h/t ratios coupled with compact compression flanges, the bending 
127 
moment had no effect on the web crippling load. For the beams used 
in this investigation the actual shear force is less than 80% of 
the maximum shear capacity of the beam. For this case, the web 
crippling load is not affected by shear if due consideration is given 
to the effect of bending moment. 
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APPENDIX !I.--NOTATION 
The following symbols are used in this paper: 
E = modulus of elasticity, kips pbr 
Q square inch; 
Fer= critical bending stress in webs, kips per square 
inch; 
Fy = yield point of steel, kips per square inch; 
Fe = allowable stress for unstiffened compression 
elements, kips per square inch; 
fc = maximum compressive bending stress in web, kips 
per square inch; 
ft • maximum tensile bending stress in web, kips per 
square inch; 
h = clear distance between flanges measured along the 
plane of web, inches; 
k' =buckling coefficient in bending; 
M' = allowable bending moment, used in Eq. (1), inch-
kips; 
M = tested bending moment, per channel, inch-kips; 
M = ultimate moment obtained from test, used in Eqs. (2) 
~ 
and (2a), N-m; 
M =predicted ultimate moment, used in Eqs. (2) and theo 
(2a), N-m; 
(Mu)fl to (Mu}f3 = computed maximum moment of each channel section 
governed by the strength of flanges, inch-kips; 
(M } = computed maximum moment of each channel section 
uw 
governed by bending strength of the web, inch-kips; 
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Mu = computed maximum moment, per channel, inch-kips; 
M~ • computed plastic moment, per channel, inch-kips; 
m= actual bending moment, used in Eq. (1), inch-kips; 
N • length of bearing plate, inches; 
P = concentrated load or reaction in the presence of 
bending moment, used in Eq. (1), per web, kips; 
P = allowable concentrated load or reaction, used in 
max 
Eq. (1), per web, kips; 
(P~)c =predicted ultimate load, per web, kips; 
(P)t = tested load in the presence of bending moment, per 
web, kips; 
(P)Rl' (Pu)R2 ""' reduced web crippling load, per web, kips; 
132 
R • ultimate load obtained from test, used in Eqs. (2) and 
exp 
(2a), per web, N; 
R • predicted ultimate load, used in Eqs. (2) and (2a), 
theo 
per web, N; 
S S' S" = computed section modulus, cubic inches; 
x' x.' x 
(S ) - 0 mnuted section modulus based an the full area, x full area - c -r 
cubic inches; 
t = thickness of base material, inches; 
V = computed maximum shear force, per web, kips; 
u 
V = tested shear force, per web, kips; 
w = flat width of the compression flange, inches; 
z = computed plastic section modulus, cubic inches; 
X 
a = postbuckling factor for h/t; 
1 
a • postbuckling factor for lfc/ftl; 
2 
a3 = postbuckling factor for (w/t)/(w/t) 1im; 
a4 = postbuckling factor for Fy; 
a= lft/fcl; 
~=Poisson's ratio; 
~ = postbuckling strength factor for bending. 
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LIST OF CAPTIONS 
Fig. 1 Dimensions of !-Beam Specimens (UMR Tests) 
Fig. 2 Dimensions of !-Beam Specimens (Cornell Tests) 
Fig. 3 Test Setup of Combined Bending and Web Crippling for !-Beams 
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COMPARISON OF THE TESTED AND C011PUTED RESULTS FOR COMBINED BENDING AND WEB CRIPPLING 
I-SECTIONS HAVING UNREINFORCED WEBS 
Test Data, per eh~mnel Computed Data, per <!hlinnel 
M (P) t cO> D(4) Failure(5) 
Specimen 
(P)t M,in V,in (P~)c,in ~,in vu,in Mu (P'u>c 1.18 1.215 Modes No. inch-kips kips kips inch-kips kips 
(1) (2) (3) {4) (5) (6) 7) (8) (9) (10) (11) (12) 
I-BC-4-1 2.025 14.68 1.013 2.475 20.88 3.183 0.703 0.818 1.032 1.060 I 
I-BC-4-2 1.9lf0 14.07 0.970 2.523 20.95 3.313 0.671 0.769 0.979 1.005 I 
I-BC-4-3 1.530 20.66 0.765 2.572 22.45 3.260 0.920 0.595 1.097 1.107 I 
I-BC-4-4 1.445 19.31 0.723 2.475 21.80 3.054 0.895 0.584 1.070 1.081 I 
I-BC-4-5 0.830 23.24 0.415 2.475 21.83 2.992 1.065 0.335 1.081 1.074 I 
I-BC-4-6 0.875 24.50 0.438 2.475 21.77 3.005 1.125 0.354 1.142 1.135 I 
I-BC-5-1 2.590 22.02 1.295 2.947 58.64 2.193 0.376 0.879 0.790 0.826 I 
1-BC-5-2 2.515 21.38 1.258 2.894 57.27 2.130 0.373 0.869 0.780 0.818 I 
I-BC-5-3 2.505 41.33 1.253 3.001 69.51 1.932 0.595 0.835 0.950 0.981 I,II 
I-BC-5-4 2.470 40.76 1.235 3.012 69.20 1.946 0.589 0.820 0.940 0.967 I,II 
1-BC-5-5 1. 785 55.34 0.893 2.947 67.34 1.786 0.822 0.605 1.019 1.033 I,II 
I-BC-5-6 1.640 50.84 0.820 2.947 67.61 1. 779 0.752 0.556 0.934 0.946 !,II 
1-BC-9-1 5.810 66.82 2.905 6.866 97.45 8.859 0.686 0.846 1.033 1.062 I 
I-BC-9-2 5.785 66.53 2.893 6.866 97.27 8.855 0.684 0.842 1.029 1.058 I 
I-BC-9-3 4.040 86.86 2.020 6.866 97.18 8.371 0.894 0.588 1.071 1.082 I 
I-BC-9-4 4.200 90.30 2.100 6.866 97.42 8.375 0.927 0.612 1.112 1.123 I 
I-BC-9-5 2.675 92.29 1.338 6.700 95.27 7.982 0.969 0.399 1.034 1.033 I 
I-BC-9-6 2.490 85.91 1.245 6.700 ,.96. 01 7.953 0.895 0. 372 0.957 0.956 I 
1-BC-9'-1 3.315 26.52 1.658 3.261 '.!7. 68 2.833 0.460 1.016 0.932 0.976 I 
I-BC-9'-2 2.955 23.64 1. 478 3.378 59.29 3.004 0.399 0.875 0.805 0.843 I 
I-BC-9'-3 2.590 40.15 1. 295 3.261 61.93 2.553 0.648 0.794 0.973 1.000 I 
I-BC-9'-4 2.695 41.77 1. 348 3.378 64.11 2.721 0.652 0.798 0.979 1.006 I 
1-BC-9'-S 1.630 56.24 0.815 3.261 62.24 2.466 0.904 0.500 1.033 1.038 I,II 
I-BC-9'-6 1.600 55.20 0.800 3.378 64.10 2.636 0.861 0.474 0.983 0.988 I,II 
1-BC-13-1 1).87 187.2 6.935 13.74 331.4 19.68 0.565 1.009 1.017 1.059 I 
I-BC-13-2 13.01 175.6 6.505 13.26 328.9 18.49 0.534 0.981 0.976 1.016 I 
o. 4 f-J 
"""" w 
TABLE 1(a) 
COMPARISON OF THE TESTED AND COMPUTED RESULTS FOR COMBINED BENDING AND WEB CRIPPLING 
I-SECTIONS HAVING UNREINFORCED WEBS 
Test Data, per channel Computed Data, per channel ,M (P) t c(3) D(4) Failure(5) 
Specimen (P) t M,in V,in (P~)c,in Mu,in vu,in Mu (P' ) 1.18 1.215 Modes No. inch-kips kips kips inch-ltips kips u c 
(1 (2 (3) (4) 5 (6) (7 (8) (9) (10) (11) (12) 
I-BC-13-4 11.62 215.0 5.810 13.50 353.3 18.13 0.608 0.861 0.975 1.007 I 
I-BC-13-5 10.49 267.4 5.245 13.74 356.5 18.15 0.750 0.763 1.043 1.066 I 
1-BC-13-6 10.50 267.8 5.250 13.26 348.3 17.14 0.768 0.792 1.073 1.098 I 
I-3-IOF-5 3.025 21.93 1.513 3.145 53.72 2.714 0.408 0.962 0.859 0.902 I 
I-3-IOF-6 3.005 21.79 1.503 3.145 53.67 2.711 0.406 0.955 0.854 0.896 I 
I--:3' -IOF-1 1.810 11.77 0.905 1.809 33.36 2.351 0.591 1.000 1.035 1.075 I 
I-3'-IOF-2 1.850 12.03 0.925 1.809 33.34 2.351 0.577 1.022 1.034 1.076 I 
I-3' -IOF-5 2.100 13.65 1.050 2.476 33.61 2.339 0.627 0.848 0.984 1.015 I 
I-3'-IOF-6 2.315 15.05 1.158 2.476 33.41 2.347 0.552 0.935 0.967 1.005 I 
I-5'-IOF-5 4.155 31.16 2.078 4.528 64.26 5.021 0.485 0.918 0.901 0.939 I 
I-5'-IOF-6 4.000 30.00 2.000 4.393 63.32 4.764 0.474 0.911 0.888 0.926 I 
I-6-IOF-1 5.535 40.13 2.768 5.063 67.87 9.200 0.591 1.093 1.084 1.129 I 
I-6-IOF-2 5.400 39.15 2.700 5.063 67.85 9.905 0.577 1.066 1.058 1.102 I 
I-6-IOF-5 6.000 43.50 3.000 6.699 69.35 9.815 0.627 0.895 1.009 1.043 I 
I-6-IOF-6 6.485 38.24 3.243 6.692 69.22 9.709 0.552 0.969 0.985 1.025 I 
I-6-IOF-7 7.000 47.25 3.500 6.749 68.10 9.931 0.694 1.037 1.141 1.181 I 
I-6-IOF-8 6.975 47.08 3.488 6.667 68.40 9.725 0.688 1.046 1.141 1.182 I 
I-6"-IOF-5 2.155 14.01 1.078 2.475 39.47 2.349 0.406 0.871 0.810 0.846 I 
I-611-IOF-6 2.315 15.05 1.158 2.475 38.40 2.342 0.450 0.935 0.881 0.921 I 
t-12-IOF-6 3.370 24.43 1.685 3.404 58.17 3.037 0.420 0.989 0.884 0.927 I 
1-12•-roF-s 12.07 72.42 6.035 13.50 96.75 15.19 0.749 0.894 1.112 1.143 I 
1-12•-roF-6 12.75 76.50 6.375 13.26 94.65 14.92 0.808 0.962 1.198 1.231 I 
1-16-IOF-1 2.730 12.97 1. 365 2.461 27.78 5.192 0.467 1.109 0.988 1.036 I 
I-16-IOF-2 2.838 13.47 1.419 2.461 27.84 5.201 0.484 1.153 1.026 1.076 I 
I-16-IOF-5 3.530 16.77 1. 765 3.286 27.14 5.092 0.618 1.074 1.097 1.141 I 
I-16-IOF-6 3.900 15.42 1.950 3.405 27.51 5. 71~ 0.561 1.145 1.086 1.135 I ....... .t-o 
.t-o 
TABLE l(a} 
COMPARISON OF THE TESTED AND COMPUTED RESULTS FOR COMBINED BENDING AND WEB CRIPPLING 
I-SECTIONS RAVING UNREINFORCED WEBS 
{Continued) 
Test Data, per channel Computed Data, per aluinnel 
Specimen (P)t M,in V,in (P~)c,in M ,in vu,in No. inch-kips kips kips incg-kips kips 
(1) (2) {3) (4) (5) (6) (7) 
1-U-17-IOF-6 2.500 13.75 1.250 2.883 33.59 3.953 
lb-1-IOF 2.325 20.93 1.163 2.291 41.22 2.021 
1c-1-IOF 2.600 23.40 1.300 2.549 41.22 2.021 
2a-1-IOF 2. 700 16.20 1.350 2.829 19.13 3.629 
2b-1-IOF 3.250 8.125 1.625 2.829 19.13 3.629 
2b-2-IOF 3.900 9.750 1.950 3.127 19.13 3.629 
4b-1-IOF 4.350 17.40 2.175 3.870 39.05 5.675 
Sa-1-IOF 3.725 33.53 1.863 3.493 80.31 4.831 
Sb-1-IOF 4.100 36.90 2.050 4.207 80.31 4.831 
Sc-1-IOF 4.650 41.85 2.325 4.654 80.31 4.831 
7a-l-IOF 5. 700 51.30 2.850 4.964 100.6 8.855 
7b-1-IOF 7.800 70.20 3.900 6.531 100.6 8.855 
8-1-lOF 6.750 60.75 3.375 5.972 113.5 8.918 
12-1-IOF 15.70 62.80 7.850 12.48 143.3 16.02 
16a-l-10F 2.245 18.52 1.123 1.973 33.79 2.050 
16b-l-IOF 2.800 23.10 1.400 2.291 33.79 2.050 
16c-l-IOF 3.250 26.81 1. 625 2.425 33.79 2.050 
17a-1-IOF 5.830 52.47 2.915 5.002 87.22 8.936 
l7b-l-IOF 7.630 68.67 3.815 5.972 87.22 a-:936 
17c-l-IOF 7.240 65.16 3.620 6.580 87.22 8.936 
Mean 
Standard deviation 
Notes: 1. 1 kip • 4.45 KN; 1 in.-kips = 113 N-M 
2. For designation of specimens, see Refs. 4 and 5 
M (P) t -
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COMPARISON OF THE TESTED AND COMPUTED RESULTS FOR COMBINED BENDING AND WEB CRIPPLING 
I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Notes - Continued: 
Tests No. lb-1-IOF to 17c-l-IOF were conducted at Cornell University (11) 
M (P)t 
3. C • M + 0.630x (P') 
u u c 
M (P) 
4. D • M + 0. 715x t u -o:rc 
5. Failure modes are defined as follows: 
I - web crippling; II - web buckling; Ill - flange yielding 
TABLE l(b) 
COMPARISON OF THE TESTED AND COMPUTED RESULTS FOR COMBINED BENDING AND WEB CRIPPLING 
I-SECTIONS HAVING UNREINFORCED WEBS 
(All Sections Having h/t < 400/~ and w/t < 190/~) 
- y - y 
Specimen 
Test Data, per channel Computed Data, per channel 
M 
(P) 
t E(3) --No. (P) t. M, in V, in (P~) C' in Mu, in Vu, in M (P') 1.46 
kips in.-kips kips kips in.-kips kips 
u u c 
(1) (2) (3) (4) (5) (6) (7) (8) (9} (10) 
I-BC-6-1 1.890 9.450 0.945 3.055 8.943 2.597 1.056 0.619 0.979 
I-BC-6-2 1.870 9.350 0.935 2.947 8.814 2.555 1.061 0.634 0.989 
I-BC-6-3 1.405 9.835 0.703 2.947 9.146 2.513 1.075 0.477 0.933 
I-BC-6-4 1.425 9.975 0.713 2.947 9.220 2.523 1.082 0.484 0.941 
I-BC-6-5 1.015 10.66 0.508 2.947 10.09 2.587 1.056 0.344 0.865 
I-BC-6-6 1.035 10.87 0.518 2.947 9.939 2.555 1.094 0.351 0.894 
I-BC-8-1 6.755 37.15 3.378 6.866 35.69 7.514 1.041 0.984 1.120 
I-BC-8-2 6.525 35.89 3.263 6.866 35.71 7.527 1.005 0.950 1.081 
I-BC-8-3 5.005 45.05 2.503 6.866 39.20 7.552 1.149 0.729 1.089 
I-BC-8-4 4.750 42.75 2.375 6.866 38.15 7.451 1.120 0.692 1.053 
t-BC-8-5 2.545 48.36 1. 273 6.699 39.44 7.401 1. 226 0.380 0.997 
t-BC-8-6 2.585 49.12 1. 293 6.866 39.72 7.489 1.236 0.376 1.002 
I-BC-1Q-1 11.50 74.75 5.750 13.26 82.45 14.89 0.907 0.867 0.980 
l-BC-1Q-2 12.07 78.46 6.035 13.26 86.70 14.89 0.905 0.811 0.955 
I-BC-lQ-3 9.645 106.1 4.823 13.02 91.59 14.73 1.159 0.655 1.065 
1-BC-lQ-4 8.645 94.66 4.303 13.25 87.34 14.87 1.084 0.579 0.982 
I-BC-1Q-5 5.065 111.4 2.533 13.25 87.52 14.91 1.273 0.340 1.012 
I-BC-1Q-6 4.895 107.7 2.448 13.14 86.29 14.73 1. 248 0.332 0.992 
3-1-IOF 4.850 12.13 2.425 3.754 13.14 3.596 0.923 1.292 1.167 
3-2-IOF 4.800 12.00 2.400 3.556 13.14 3.596 0.913 1.340 1.179 
9b-1-IOF 10.30 25.75 5.150 8.926 35.56 7.226 0.724 1.154 0.973 



























COMPARISON OF THE TESTED AND COMPUTED RESULTS FOR COMBINED BENDING AND WEB CRIPPLING 
I-SECTIONS HAVING UNREINFORCED WEBS 
(All Sections Having h/t < 400/;r- and w/t < 190//Fy) 
(Continued) y -
Specimen Test Data, per channel Computed Data, per channel M (P) t 
No. (P)t M, in V, in (P~) C' in Mu, in Vu, in M (P') 
kips in.-kips kips kips in.-ldps kips 
u u c 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
lOa-2-IOF 12.00 48.00 6.000 10.38 75.80 11.19 0.633 1.156 
10b-1-IOF 15.20 60.80 7.600 12.30 75.80 11.19 0.802 1.236 
13a-1-IOF 15.30 38.25 7.650 14.84 40.70 9.134 0.940 1.031 
13b-1-IOF 15.10 37.75 7.550 16.08 40.70 9.134 0.927 0.939 
14a-1-IOF 16.50 66.00 8.250 17.42 92.49 14.28 0.714 0.947 
14a-2-IOF 18.15 72.60 9.075 18.83 92.49 14.28 o. 785 0.964 
14b-l-IOF 21.15 84.60 10.58 21.07 92.49 14.28 0.915 1.004 
15a-1-IOF 17.35 69.40 8.675 17.30 140.20 19.32 0.495 1.003 
lSa-2-IOF 20.25 81.00 10.13 18.70 140.20 19.32 0.578 1.083 
15b-1-IOF 21.15 86.60 10.58 20.92 140.20 19.32 0.604 1.011 
Mean 
Standard deviation 
Notes: 1. 1 kip • 4.45 KN; 1 in.-kips = 113 N-m. 
2. For designation of specimens, see Refs. 4 and 5. 
Test No. 3-1-IOF to lSb-1-IOF were conducted at Cornell University (11). 
M (P)t 
E • M: + 0.604 X (P') . 
u u c 
). 






























INFORMATION REQUIRED FOR A STUDY OF THE EFFECT OF SHEAR 
ON WEB CRIPPLING LOAD, I-SECTIONS HAVING UNREINFORCED WEBS 
Reduced Web 
Specimen <P>r in v 
Crippling Load 
(P)t 
No. k ps v per web u (Pu)Rlt in (Pu)Rl 
(1) (2) (3) 
kips 
(4) (5) 
I-BC-4-1 2.025 0.318 1.771 1.143 
I-BC-4-2 1.940 0.293 1.918 1.011 
I-BC-4-3 1.530 0.235 1.059 1.444 
I-BC-4-4 1.445 0.237 1.019 1.418 
I-BC-4-5 0.830 0.139 0.816 1.608 
I-BC-4-6 0.875 0.146 0.309 
(-) 
I-BC-5-1 2.590 0.591 2.948 0.878 
I-BC-5-2 2.515 0.591 2.894 0.869 
I-BC-5-3 2.505 0.649 2.602 0.963 
I-BC-5-4 2.470 0.635 2.636 0.937 
I-BC-5-5 1.785 0.500 1.618 1.103 
I-BC-5-6 1.640 0.461 1.907 
0.860 
I-BC-9-1 5.810 0.328 5.077 
1.144 
I-BC-9-2 5. 785 0.327 5.100 
1.134 
I-BC-9-3 4.040 0.241 3.077 
1.312 
I-BC-9-4 4.200 0.251 2.760 
1.521 
I-BC-9-5 2.675 0.168 2.300 
1.163 
I-BC-9-6 2.490 0.156 2.993 
0.833 
I-BC-9-1 3.315 0.585 3.261 
1.016 
I-BC-9-2 2.955 0.492 3.378 
0.875 
I-BC-9-3 2.590 0.507 2.585 
1.002 
I-BC-9-4 2.695 0.495 2.659 
1.013 
I-BC-9-5 1.630 0.330 
1.416 1.151 
I-BC-9-6 1.600 0.303 1.670 
0.958 
I-BC-13-1 13.87 0.352 
12.49 1.110 
I-BC-13-2 13.01 0.352 
12.63 1.030 
I-BC-13-3 12.39 0.356 
10.07 1.230 
I-BC-13-4 11.62 0.320 
11.46 1.013 
I-BC-13-5 10.49 0.289 
0.929 1.174 
I-BC-13-6 10.50 0.306 
8.283 1.267 
I-3-IOF-5 3.025 0.557 
3.145 0.962 
I-3-IOF-6 3.005 0.554 
3.145 0.955 
I-3-IOF-1 1.810 0.385 
1.578 1.147 




INFORMATION REQUIRED FOR A STUDY OF THE EFFECT OF SHEAR 
ON WEB CRIPPLING LOAD, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Reduced Web 
Specimen (P)t, in 
Crippling Load (P) 
No. kips L 
per web t 
vu (Pu)R1' in (Pu)R1 
kips 
(1) (2) (3) (4) (5) 
I-3-IOF-5 2.100 0.449 2.036 1.031 
I-3-IOF-6 2.315 0.493 2.296 1.008 
I-5-IOF-5 4.155 0.414 4.528 0.917 
I-5-IOF-6 4.000 0.420 4.393 0. 911 
1-6-IOF-1 5.535 0.301 4.420 1.252 
1-6-IOF-2 5.400 0.273 4.517 1.195 
I-6-IOF-5 6.000 0.306 5.507 1.089 
1-6-IOF-6 6.485 0.334 6.205 1.045 
1-6-IOF-7 7.000 0.352 4.915 1.424 
I-6-IOF-8 6.975 0.359 4.912 1.420 
I-6-IOF-5 2.155 0.459 2.475 0.871 
1-6-IOF-6 2.315 0.494 2.475 0.935 
I-12-IOF 6 3.370 0.555 3.404 0.990 
I-12-IOF-5 12.07 0.397 8.792 
1.372 
I-12-IOF-6 12.75 0.427 7.540 
1.691 
I-16-IOF-1 2.730 0.263 2.461 
1.109 
I-16-IOF-2 2.838 0.273 2.461 
1.153 
I-16-IOF-5 3.530 o. 34 7 2.743 1.286 
I-16-IOF-6 3.900 o. 341 3.114 1.252 
I-U-17-IOF-5 2.565 0.322 2.883 
0.890 
I-U-17-IOF-6 2.500 0.316 2.883 
0.867 
1b-1-IOF 2.325 0.575 
2.265 1.026 
1c-1-IOF 2.600 0.643 
2.306 1.127 
2a-1-IOF 2.700 0.372 
1.442 1. 872 
2b-1-IOF 3.250 0.448 
2.829 1.148 
2b-2-IOF 3.900 0.537 
3.083 1.265 
4b-1-IOF 4.350 0.383 
3.870 1.124 
5a-1-IOF 3. 725 0.385 
3.493 1.066 
5b-1-10F 4.100 0.424 
4.207 0.975 
5c-1-IOF 4.650 0.481 
4.517 1.029 
7a-1-IOF 5.700 0.322 
4.894 1.164 
7b-1-IOF 7.800 0.440 
4.730 1.649 
8-1-IOF 6.750 0.378 
5.679 1.138 
12-1-IOF 15.70 0.490 
12.50 1. 256 
150 
TABLE 2 
INFORMATION REQUIRED FOR A STUDY OF THE EFFECT OF SHEAR 




cimen (P) r in Crippling Load (P) v 2er web t 
No. k ps 
,_ ..... ,.. 
(P) v (P u)fl' in u u k ps 
Spe 
Rl 
(1) (2) (3) (4) (5 
















....,__,.._.,............--.-., ...... ~ 
1.840 1.22 
1. 70lt 1.64 
1,430 (-) 
4,287 1.35 9 
Mean 1.15'3 o.m Standard deviation 
~-- __ _.....,,~......-..,...-·-----___....-- ----~ 
Notes: 1, 1 kip = 4,45 KN 
2, For designation of specimens, see Refs, 4 and 5. 
Tests No. lb~l~IOF to 17a~1·IOF were conducted 
at Cornell University (11). 
3, (~) Specimens I~BC~4p6 and 16c-l-IOF are not 
included in the calculations of mean and standard 
deviation: because the ratios of (P)t/(Pu)Rl are 
successively large. 
4, The reduced web crippling loads were computed by 
considering the effects of bending moment as 
follows' 
M (P ~) c 
= (1.251 ... w- > x o. 715 
u 
5. All values of M/M , (Pu')c' (P)t, V, and Vu are 
u l(a). obtained from Table 
151 
VITA 
Nipon Hetrakul was born on December 19, 1948, in Bangkok, 
Thailand. He received his primary and secondary education at 
Assumption College in Bangkok. He received a Bachelor of Science 
degree in Civil Engineering from Khon-Kean University, Khon-Kean, 
Thailand in March 1971. 
152 
After graduation, Mr. Hetrakul enrolled in the Graduate School 
of the University of Missouri-Rolla, Rolla, Missouri in December 1972. 
He received a Master of Science degree in Civil Engineering in 
December 1973. From January 1974 to November 1977, he held a 
Graduate Research Assistantship in the Department of Civil Engineering. 
He is registered as a Professional Engineer in Bangkok, 
Thailand and is a member of Chi Epsilon and the Society of Sigma Xi. 
153 
APPENDIX A 
DIMENSIONS OF BEAM SPECIMENS 
In this Appendix, the measured dimensions of all the beam 
specimens used for the web crippling study and the study of combined 
bending and web crippling are presented. Tables A.l, A.2, A.4 and 
A.S list the actual measured dimensions of beam specimens which were 
tested at the University of Missouri-Rolla (UMR). Tables A.3 lists 
the actual dimensions of I-beam specimens previously tested at 
Cornell University. Figures A.l through A.3 illustrate the designa-
tion of symbols which are used in these tables. The designations 
of test specimens are given on page 155. 
154 
DESIGNATION OF SPECIMENS USED IN TABLES A.l TO A.4 
AND TABLES B .1 TO B • 4 
su 5 























IOF - Interior One-Flange Loading 
EOF - End One-Flange Loading 
ITF - Interior Two-Flange Loading 
ETF - End Two-Flange Loading 
4 IOF 
Same as above 
3 IOF 
Same as above 
IOF 1 
Same tis above 
4 IOF 
Same as above 
IOF 
Same as above 
su 
Single Unreinforced 
































Fig. A.l Designation of Symbols used in the UMR 



















BOLTS OF 3" 














Fi A 3 Designation of Svmbols used in the Cornell Investigation g. . ,;-
(!-Sections) 
TABLE A.l 
DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS-SINGLE, UNREINFORCED WEBS 
Specimen Cross-Section Dimensions, in inches Total 
Length, No. t Bl B2 B3 B4 dl d2 D1 D2 BB h R in inches 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
SU-1-IOF-1 0.0480 1.548 1.501 1.464 1.500 0.617 0.690 9.923 9.924 7 9.829 0.1330 42 
SU-l-IOF-2 0.0475 1.470 1.502 1.519 1.476 0.597 0.671 9.988 10.02 7 9.908 0.1250 42 
SU-1-IOF-5 0.0485 1.469 1.464 1.507 1.500 0.686 0.602 9.966 9.937 7 9.855 0.1250 42 
SU-1-IOF-6 0.0480 1.493 1.513 1.493 1.498 0.661 0.679 9.918 9.971 7 9.849 0.1250 42 
SlJ-1-10!'-1 0.0475 1.496 1.524 1.512 1.463 0.617 0.677 9.982 9.973 7 9.883 0.1250 42 
SU-1-EOF-2 0.0480 1.491 1.454 1.495 1.520 0.696 0.610 9.940 9.982 7 9.865 0.1250 42 
SU-1-EOF-5 0.0490 1.515 1.512 1.491 1.497 0.649 0.619 9.980 9.936 7 9.860 0.1250 42 
SU-1-EOF-6 o.osoo 1.515 1.550 1.514 1.465 0.604 0.667 9.957 9.966 7 9,864 0.1406 42 
SU-l-ITF-1 0.0480 1.474 1.455 1.479 1.527 0.676 0.611 9.960 9.950 7 9.859 0.1250 21 
SU-l-ITF-2 0.0475 1.495 1.474 1.482 1.486 0.663 0.613 9.964 9.922 7 9.848 0.1250 21 
SU-1-ITF-5 0.0480 1.461 1.463 1.466 1.509 0.630 0.663 9.991 9.918 7 9.859 0.1250 21 
SU-1-ITF-6 0.0470 1.506 1.480 1.467 1.494 0.643 0.638 9.975 9.943 7 9.863 0.1250 21 
SU-l-ETF-1 0.0460 1.480 1.475 1.476 1.484 0.650 0.643 9.919 9.915 7 9.825 0.1250 21 
SU-1-ETF-2 0.0470 1.472 1.476 1.451 1.510 0.663 0.641 9.922 9.954-'- 7 9,844 0.1250 21 
SU-1-ETF-5 0.0475 1.475 1.452 1.493 1.471 0.648 0.658 9.956 9.928 7 9.847 0.1250 21 
SU-l-ETF-6 0.0480 1.433 1.473 1.475 1.483 0.649 0.653 9.959 9.939 7 9.853 0.1250 21 
SU-2-IOF-1 0.0490 1.500 1.525 1.447 1.461 0.632 0.688 12.34 12.35 7 12.25 0.1250 48 
SU-2-IOF-2 0.0500 1.475 1.439 1.482 1.514 0.683 0.682 12.31 12.31 7 12.21 0.1250 48 
SU-2-lOF-5 0.0480 1.497 1.531 1.432 1.497 0.647 0.706 12.30 12.31 7 12.21 0.1250 48 
su-2-IOF-6 0.0490 1.482 1.485 1.474 1.500 0.662 0.668 12.33 12.36 7 12.25 0.1250 48 
SU-2-EO'F-1 0.0485 1.470 1.455 1.441 1.460 0.698 0.719 12.25 12.20 7 12.13 0.1250 48 
SU-2-EOF-2 0.0480 1.457 1.466 1.464 1.455 0. 714 o. 729 12.22 12.22 7 12.12 0.1250 48 
Sll-2-EOF-5 0.0480 1.453 1.454 1.450 1.433 0.693 o. 750 12.30 12.28 7 12.19 0.1250 48 































DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS-SINGLE, UNREINFORCED WEBS 
(Continued) 
Cross-Section Dimensions, in inches 
t Bl B2 B3 B4 d1 d2 D1 D2 BB h R 
(2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
0.0480 1.473 1.492 1.541 1.495 0.646 0.616 12.36 12.32 7 12.24 0.1250 
0.0475 1.464 1.482 1.507 1.565 0.652 0.595 12.30 12.31 7 12.21 0.1250 
0.0480 1.463 1.450 1.422 1.506 0.688 0.711 12.21 12.30 7 12.16 0.1250 
0.0470 1.476 1.437 1.474 1.465 0.689 0.737 12.28 12.15 7 12.12 0.1250 
0.0470 1.531 1.485 1.470 1.439 0.630 0.711 12.30 12.31 7 12.21 0.1250 
0.0490 1.498 1.555 1.442 1.467 0.614 0.710 12.31 12.31 7 12.21 0.1250 
0.0470 1.527 1.499 1.448 1.442 0.628 0.685 12.34 12.32 7 12.24 0.1250 
0.0490 1.492 1.524 1.444 1.447 0.638 0.692 12.32 12.32 7 12.22 0.1250 
0.0494 2.158 2.157 2.161 2.151 0.585 0.596 4.952 4.967 7 4.861 0.0781 
0.0498 2.160 2.149 2.154 2.152 0.610 0.593 4.930 4.940 7 4.835 0.0781 
0.0502 2.175 2.163 2.171 2.174 0.610 0.587 4.955 4.926 7 4.840 0.0938 
0.0500 2.178 2.160 2.152 2.127 0.588 0.624 4.943 4.918 7 4.831 0.0859 
0.0500 2.183 2.175 2.139 2.137 0.608 0.604 4.912 4.957 7 4.835 0.0781 
0.0500 2.173 2.173 2.164 2.133 0.609 0.600 4.895 4.923 7 4.809 0.0781 
0.0500 2.159 2.169 2.157 2.165 0.610 0.620 4.938 4.913 7 4.826 0.0870 
o.osoo 2.161 2.153 2.157 2.140 0.613 0.625 4.920 4.941 7 4.831 0.0781 
0.0496 2.165 2.149 2.166 2.161 0.619 0.615 4.914 4.929 7 4.822 0.0859 
0.0495 2.165 2.150 2.169 2.157 0.620 0.600 4.952 4.938 7 4.846 0.0876 
0.0500 2.170 2.160 2.169 2.166 0.610 0.595 4.932 4.945 7 4.839 0.0846 
0.0490 2.150 2.154 2.159 2.145 0.618 0.603 4.948 4.957 7 4.855 0.0859 
0.0517 2.175 2.156 2.165 2.146 0.587 0.614 4.919 4.968 7 4.840 0.0938 
0.0519 2.139 2.161 2.155 2.153 0.588 0.615 4.959 4.961 7 4.856 0.0938 
0.0500 2.168 2.170 2.172 2.168 0.594 0.605 4.929 4.952 7 4.841 0.0938 
0.0506 2.172 2.156 2.168 2.163 0.612 0.594 4.959 4.955 7 4.856 0.0940 
0.0522 2.129 2.144 2.155 2.169 0.620 4.597 4.958 4.935 7 4.842 0.1054 



























































DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS-SINGLE, UNREINFORCED WEBS 
(Continued} 
Cross-Section Dimensions, in inches 
t Bl B2 B3 B4 d1 d2 D1 D2 BB h R 
(2) (3) (4) {5) (6) (7) (8) (9) (10) (11) (12) (13) 
0.0500 2.152 2.146 2.120 2.120 0.593 0.620 4.971 4.957 7 4.864 0.0938 
0.0515 2.164 2.160 2.145 2.172 0.617 0.608 4.945 4.935 7 4.837 0.1015 
0,0510 2.156 2.145 2.170 2.150 0.601 0.590 4.953 4.949 7 4.849 0.0938 
o.o5~o 2.172 2.170 2.166 2.168 0.609 0.600 4.912 4.943 7 4.825 0.0938 
o.osoo 2.173 2.156 2.163 2.141 0.589 0.605 4.930 4.952 7 4.841 0.0938 
o.osoo 2.158 2.174 2.172 2.172 0.611 0.598 4.940 4.930 7 4.835 0.0938 
0.0495 2.655 2.641 2.646 2.675 0.611 0.606 6.195 6.191 7 6,094 0.0938 
0.0502 2.668 2.635 2.670 2.655 0.606 0.600 6.173 6.180 7 6.077 0.0938 
0.0500 2.648 2.635 2.662 2.641 0.606 0.619 6.189 6.200 7 6.095 0.0977 
0.0505 2.641 2.660 2.650 2.659 0.622 0.607 6.189 6.171 7 6.079 0.0938 
0.0504 2.642 2.669 2.657 2.666 0.613 0.615 6.172 6.200 7 6.085 0.0898 
0.0503 2.666 2.628 2.644 2.653 0.609 0.616 6,202 6.183 7 6.091 0.0938 
0.0500 2.694 2.696 2.647 2~663 0.603 0.599 6.185 6.193 7 6.088 0.0938 
0.0511 2.698 2.635 2.663 2.691 0.613 0.614 6.144 6.170 7 6.055 0.0898 
0.0510 2.655 2.647 2.662 2.641 0.614 0.596 6.212 6.200 7 6.104 0.0938 
0.0505 2.637 2.658 2.6.37 2.650 0.619 0.609 6.200 6.208 7 6.103 0.1016 
0.0506 2.662 2.654 2.633 2.668 0.616 0.604 6.200 6.180 7 6.089 0.0938 
0.0501 2.661 2.644 2.666 2.646 0.615 0.602 6.168 6.209 7 6.089 0.0938 
0.0500 2.664 2.672 2.673 2.667 0.612 0.619 6.191 6.166 7 6.079 0.0938 
0.0503 2.668 2.695 2.662 2.652 0.623 0.610 6.180 6.161 7 6.070 0.0938 
0.0505 2.656 2.651 2.670 2.638 0.615 0.618 6.191 6.193 7 6.091 0.0938 
0.0501 2.657 2.633 2.639 2.652 0.620 0.612 6.174 6.174 7 6.074 0.0938 
0.0500 2.664 2.663 2.665 2.664 0.615 0.615 6.156 6.162 7 6.059 0.0898 





























DIAa'NSiaYS OF S.PSC.l:!!IJWS .Jll).R WJJ CRIPPL1tiG n-S'n-~1N~ta.J> ~1.1m:-~~ U~~ 
(. C~:m.. t.:\ .. ~'l.~<l. \ 
Specimen Cross-Section Dimensions, in inches 
No. t 1n "B2 "B3 "B~ dl d2 Dl D2 BB h R 
{J} (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
su-5-ETF-1 o.osos 2.676 2.659 2.662 2.669 0.606 0.613 6.150 6.180 7 6.064 0.0898 
SU-5-ETF-2 0-0508 2.661 2.648 2.639 2.661 0.617 0.605 6.196 6.198 7 6.095 0.0898 
SU-5-ETF-3 0.0507 2.662 2.655 2. .651 2..616 0.5<13 0.606 6.200 6.208 7 6.103 0.0938 
su-5-'ET.'F-4 0.0501 2.672 2.654 2.665 2.661 0.603 0.619 6.204 6.167 7 6.086 0.1016 
SU-5-ETF-5 0.0509 2.653 2.661 2.645 2.661 0.612 0.614 6.184 6.167 7 6.074 0.0938 
SU-5-ETF-6 0.0503 2.669 2.641 2.654 2.657 0.618 0.612 6.191 6.183 7 6.086 0.0938 
SU-6 1 -IOF-1 0.0500 3.164 3.105 3.123 3.154 0.615 0.618 7.367 7.375 7 7.271 0.0938 
SU-6'-lO'F-2 o.osoo 3.142 3.126 3.107 3.118 0.616 0.597 7.427 7.393 7 7.310 0.0859 
SU-6'-IOF-3 0.0495 3.155 3.120 3.131 3.132 0.616 0.598 7.355 7.405 7 7.281 0.0898 
SU-6'-lOF-4 0.0497 3.103 3.105 3.117 3.119 0.597 0.610 7.444 7.433 7 7.340 0.0938 
SU-6'-IOF-5 0.0492 3.143 3.128 3.132 3.141 0.620 0.596 7.406 7.386 7 7.298 0.0938 
SU-6'-IOF-6 0.0503 3.154 3.112 3.122 3.153 0.612 0.604 7.367 7.392 7 7.279 0.0898 
SU-6'-EOF-1 0.0498 3.137 3.133 3.144 3.141 0.607 0.611 7.386 7.383 7 7.285 0.0859 
S'U-6'-EO'F-2 0.0495 3.156 3.112 3.122 3.141 0.617 0.607 7.379 7.405 7 7.293 0.0938 
SU-6'-EOF-3 0.0493 3.118 3.134 3.132 3.153 0.619 0.597 7.403 7.372 7 7.289 0.0859 
SU-6'-EOF-4 0.0490 3.143 3.130 3.117 3.167 0.605 0.609 7.411 7.376 7 7.296 0.0977 
SU-6'-EOF-5 0.0500 3.140 3.144 3.144 3.135 0.610 0.603 7.384 7.404 7 7.294 0.0938 
SU-6'-EOF-6 0.0500 3.170 3.109 3.122 3.151 0.604 0.606 7.387 7.414 7 7.301 0.0938 
SU-6'-ITF-1 0.0495 3.165 3.172 3.125 3.123 0.615 0.610 7.357 7.351 7 7.255 0.0938 
SU-6'-ITF-2 0.0496 3.176 3.134 3.125 3.126 0.605 0.619 7.348 7.402 7 7.276 0.0859 
SU-6'-ITF-3 0.0500 3.137 3.153 3.138 3.133 0.608 0.616 7.363 7.357 7 7.260 0.0859 
SU-6 '-ITF-4 0.0495 3.166 3.136 3.123 3.137 0.600 0.613 7.369 7.391 7 7.281 0.0938 
SU-6 1 -ITF-5 0.0504 3.136 3.114 3.124 3.137 0.622 0.614 7.372 7.379 7 7.277 0.0938 























































DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS-SINGLE, UNREINFORCED WEBS 
(Continued) 
Cross-Section Dimensions, in inches 
t B1 B2 B3 B4 dl d2 Dl D2 BB h 
(2) (3) (4} (5) (6} (7) {8) {9) (10} (11) (12} 
0.0490 3.166 3.139 3.126 3.117 0.609 0.614 7.362 7.392 7 7.279 
0.0500 3.170 3.134 3.124 3.172 0.613 0.602 7.368 7.376 7 7.272 
0.0491 3.152 3.105 3.110 3.141 0.623 0.616 7.380 7.379 7 7.282 
0.0496 3.136 3.129 3.140 3.175 0.603 0.607 7.386 7.372 7 7.280 
0.0495 3.112 3.134 3.137 3.114 0.607 0.607 7.411 7.406 7 7.310 
0.0500 3.157 3.156 3.115 3.119 0.599 0.614 7.389 7.384 7 7.287 
o.osoo 2.150 2.162 2.156 2.168 0.619 0.591 4.974 4.971 7 4.873 
0.0505 2.172 2.176 2.157 2.146 0.623 0.607 4.910 4.906 7 4.807 
0.0510 2.167 2.167 2.132 2.142 0.608 0.603 4.936 4.925 7 4.829 
0.0503 2.173 2.157 2.164 2.159 0.600 0.615 4.922 4.950 7 4.835 
0.0500 2.164 2.159 2.170 2.198 0.603 0.619 4.887 4.912 7 4.800 
0.0507 2.170 2.168 2.159 2.170 0.606 0.611 4.950 4.929 7 4.839 
0.0500 2.164 2.155 2.172 2.176 0.607 0.607 4.876 4.914 7 4.795 
0.0500 2.170 2.161 2.171 2.178 0.605 0 .. 601 4.905 4.933 7 4.819 
0.0502 3.138 3.110 3.132 3.136 0.615 0.607 7,400 7.395 7 7.298 
0.0500 3.136 3.120 3.119 3.122 0.625 0.609 7.384 7.395 7 7.290 
0.0505 3.155 3.142 3.126 3.116 0.616 0.613 7.384 7.389 7 7.286 
0.0498 3.148 3.124 3.110 3.168 0.619 0.614 7.377 7.350 7 7.264 
0.0501 3.151 3.132 3.139 3.124 0.620 0.613 7.362 7.380 7 7.271 
0.0505 3.127 3.148 3.155 3.138 0.616 0.604 7.373 7.378 7 7.275 
0.0500 3.139 3.161 3.140 3.124 0.617 0.609 7.388 7.342 7 7.265 
0.0510 3.145 3.155 3.146 3.127 0.616 0.610 7.385 7.375 7 7.278 
Total 
Length, 

























DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS-SINGLE, UNREINFORCED WEBS 
(Continued) 
Specimen 
Cross-Section Dimensions, in inches 
No. t Bl B2 B3 B4 dl d2 Dl D2 BB h 
(1) (2) (3) (4) (5) (6} (7) (8) (9) (10) (11) _{_12) 
U-SU-17-IOF-5 0.0490 1.359 1.434 1.453 1.381 -- -- 4.916 4.900 7 4.810 
U-SU-17-IOF-6 0.0490 1.348 1.433 1.404 1.367 -- -- 4.922 4.880 7 4.803 
U-SU-17-EOF-1 0.0490 1.375 1.419 1.403 1.372 -- -- 4.984 4.935 7 4.862 
U-SU-17-EOF-2 0.0490 1.450 1.419 1.387 1.386 -- -- 4.915 4.915 7 4.809 
U-SU-17-EOF-5 0.0490 1.360 1.507 1.475 1.374 -- -- 4.882 4.900 7 4.793 
U-SU-17-EOF-6 0.0485 1.407 1.369 1.483 1.410 -- -- 4.889 4.950 7 4.823 
u-su-18-IOF-5 0.0490 2.148 2.203 2.177 2.200 -- -- 9.581 9.500 7 9.443 
U-SU-18-IOF-6 0.0490 2.169 2.200 2.148 2.179 -- -- 9.644 9.575 7 9.512 
U-SU-18-EOF-1 0.0485 2.159 2.205 2.155 2.200 -- -- 9.610 9.500 7 9.458 
U-SU-18-EOF-2 0.0490 2.117 2.131 2.139 2.126 -- -- 9.637 9.635 7 9.538 
U-SU-18-EOF-5 0.0500 2.126 2.134 2.135 2.128 -- -- 9.616 9.645 7 9.531 
U-SU-18-EOF-6 0.0490 2.125 2.142 2.151 2.121 -- -- 9.645 9.619 7 9.534 
u-sU-17-ITF-5 0.0495 1. 371 1.472 1.458 1.392 -- -- 4.873 4.843 7 4.759 
U-SU-17-ITF-6 0.0490 1.417 1.483 1.482 1.451 -- -- 4.824 4.797 7 4.713 
U-SU-17-ETF-5 0.0485 1.400 1. 357 1. 384 1.404 -- -- 4.945 4.952 7 4.852 
U-SU-17-ETF-6 0.0490 1.453 1.428 1.343 l. 338 -- -- 4.925 4.934 7 4.832 
U-SU-19-ITF-5 0.0490 0.600 0.598 0.600 0.600 -- -- 9.622 9.633 7 9.530 
U-SU-19-ITF-6 0.0490 0.592 0.591 0.608 0.600 -- -- 9. 708 9.673 7 9.593 
U-SU-19-ETF-5 0.0490 0.588 0.579 0.593 0.594 -- -- 9.646 9.640 7 9.545 
U-SU-19-ETF-6 0.0490 0.609 0.612 0.612 0.608 -- -- 9.633 9.621 7 9.529 
Note: 1. 1 in. • 25.4 mm. 
2. For designation of specimens, see page 155. 
3. For designation of symbols, see page 156. 



























TABLE A. 2 
DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
Specimen Cross-Section D~ensions, in.inches Total Length, No. t Bl B2 B3 B4 d1 d2 Dl D2 BB h R in inches 
(1} (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
I-1-IOF-1 0.0480 1.500 1.490 1.471 1.491 0.609 0.649 9.985 9.975 2.976 9.884 0.1250 42 
I-1-IOF-2 0.0480 1.450 1.472 1.437 1.456 0.646 0.652 9.951 9.950 2.908 9.951 0.1250 42. 
I-1-!0F-5 0.0485 1.450 1.453 1.486 1.487 0.659 0.625 9.984 9.968 2.938 9.879 0.1250 42 
I-1-IOF-6 0.0480 1.398 1.485 1.489 1.478. 0.705 0.653 9~939 9.967 2.926 9.857 0.1250 42 
I-1-EOF-1 0.0475 1.487 1.481 1.458 1.494 0.605 0.688 9.945 9.925 2.960 9.840 0.1250 42 
I-1-EOF-2 0.0470 1.379 1.475 1.479 1.436 0.735 0.681 9.883 9.905 2.884 9.800 0.1250 42 
I-1-EOF-5 0.0470 1.459 1.510 1.517 1.510 0.678 0.628 9.951 9.939 2.998 9.851 0.1250 42 
I-1-EOF-6 0.0460 1.434 1.453 1.518 1.455 0.710 0.626 9.936· 9.936 2.930 9.844 0.1250 42 
I-1-ITF-1 0.0465 1.509 1.497 1.461 1.444 0.633 0.699 9.973 9.918 2.956 9.853 0.1250 21 
I-1-ITF-2 0.0480 1.462 1.463 1.480 1.499 0.656 0.646 9.962 10.01 2.952 9.891 0.1250 21 
I-1-ITF-5 0.0460 1.498 1.468 1.516 1.525 0.678 0.638 9.940 9.943 3.002 9.850 0.1250 21 
I-1-ITF-6 0.0470 1.490 1.521 1.487 1.512 0.671 0.632 9.927 9.950 3.006 9.845 0.1250 21 
1-l-ETF-1 0.0480 1.515 1.502 1.508 1.469 0.629 0.648 9.919 9.957 2.998 9.842 0.1250 21 
1-1-ETF-2 0.0490 1.487 1.484 1.465 1.475 0.625 0.647 9.970 9.968 2.956 9.871 0.1250 21 
I-1-ETF-5 0.0490 1.500 1.443 1.507 1.467 0.673 0.644 9.916 9.910 2.958 9.815 0.1250 21 
1-1-ETP-6 0.0490 1.542 1.449 1.511 1.485 0.655 0.619 9.958 9.975 2.954 9.869 0.1250 21 
I-2-IOF-1 0.0490 1.460 1.435 1.459 1.447 0.703 0.673 12.34 12.34 2.900 12.24 0.1250 48 
I-2-IOF-2 0.0500 1.465 1.506 1.461 1.470 0.658 0.680 12.34 12.34 2.952 12.26 0.1330 48 
1-2-IOF-5 0.0485 1.448 1.513 1.497 1.482 0.654 0.682 12.33 12.33 2.970 12.23 0.1250 48 
I-2-IOF-6 0.0500 1.483 1.507 1.503 1.500 0.647 0.631 12.35 12.37 2.996 12.26 0.1250 48 
1-2-EOF-1 0.0485 1.497 1.522 1.523 1.489 0.662 0.673 12.34 12.34 3.016 12.24 0.1250 48 
I-2-EOF-2 0.0480 1.481 1.488 1.515 1.514 0.700 0.680 12.34 12.33 3.000 12.24 0.1250 48 
1-2-EOF-5 0.0490 1.513 1.491 1.508 1.520 0.648 0.682 12.34 12.34 3.016 12.24 0.1250 48 
I-2-EOF-6 0.0500 1.454 1.469 1.504 1.466 0.722 0.631 12.34 12.33 2.946 12.23 0.1250 48 
TABLE A.2 
DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Specimen Cross-Section Dimensions, in.inches 
No. t Bl B2 B3 B4 dl d2. Dl D2 BB h R 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
I-2-ITF-1 0.0480 1.478 1.470 1.467 1.467 0.698 0.632 12.30 12.28 2.942 12.19 0.1250 
I-2-I'f.F-2 0.0475 1.500 1.500 1.461 1.468 0,606 0.645 12.27 12.29 2.964 12.19 0.1250 
t-2-ITF-5 0.0470 1.500 1.497 1.501 1.473 0.629 0.637 12.31 12.31 2.986 12.22 0.1250 
t-2-ITF-6 0.0480 1.497 1.473 1.469 1.484 0.640 0.660 12.32 12.32 2.962 12.22 0.1250 
t-2-ETF-1 0.0470 1.538 1.443 1.486 1.448 0.628 0.680 12.32 12.36 2.958 12.25 0.1250 
t-2-ETF-2 0. 0460 1. 509 1.491 1.474 1.499 0.679 0.678 12.35 12.31 2.986 12.24 0.1250 
I-2-ETF-5 0.0475 1.472 1.515 1.473 1.474 0.600 0.672 12.40 12.33 2.968 12.27 0.1250 
t-2-ETF-6 0.0460 1.482 1.494 1.469 1~482 0.686 0.672• 12~28 12~30 2.964 12.20 0.1250 
I-3-IOF-1 0.0490 1.981 1.992 2.007 1.976 0.608 0.605 7.374 7.386 3.978 7.282 0.0938 
I-3-IOF-2 0. 0500 1. 972 1.975 1.997 1.988 0.601 0.609 7.389 7.388 3.966 7.289 0.0938 
I-3-IOF-5 0.0490 2.006 1.977 1.990 1.979 0.624 0.599 7.355 7.367 3.976 7.263 0.0938 
I-3-10F-6 0.0490 2.001 1.977 1.971 1.975 0.619 0.614 7~358 7.367 3.962 7.265 0.0938 
1-3-EOF-1 0.0490 2.008 2.013 2.005 2.003 0.620 0.607 7.353 7.369 4.014 7.263 0.0938 
1-3-EOF-2 0.0500 2.003 2.007 2.018 2.004 0.605 0.599 7.338 7.336 4.016 7.237 0.0938 
I-3-EOF-5 0.0495 2.000 2.005 2.015 2.001 0.606 0.603 7.382 7.341 4.010 7.263 0.0938 
1-3-EOF-6 0.0490 1.997 2.001 2.007 1.989 0.612 0.610 7.377 7.357 3.998 7.269 0.0938 
I-3-ITF-1 0.0500 1.984 1.995 1.986 1.994 0.607 0.608 7.358. 7.383 3.980 7.284 0.0898 
1-3-ITF-2 0.0500 1.979 1.981 1.981 1.989 0.601 0.618 7.386 7.382 3.966 7.284 0.0938 
I-3-ITF-5 0.0500 1.990 1.990 1.989 1.991 0.609 0.620 7.375 7.373 3.980 7.274 0.0898 
1-3-lTF-6 0.0490 1.999 2.002 1.994 2.002 0.611 0.608 7.371 7.391 4.000 7.283 0.0938 
I-3-lTF-1* 0.0490 1.986 1.983 1.980 1.977 0.611 0.613 7.391 7.355 3.964 7.275 0.0938 
I-3-lTF-2.• 0.0500 1.987 1.992 2.003 1.990 0.627 0.596 7.399 7.388 3.992 7.292 0.0938 
1-3-ITF-5• 0.0495 1. 987 2.004 1.988 1.974 0.617 0.612 7.378 7.396 3.976 7.288 0.0938 






























DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Specimen Cross-Section Dimensions, in inches 
No. t Bl B2 B3 BC. dl d2 D1 D2 BB h R 
(1} (2) {_3) _(4) __{5)_ (6_) (7) (8) (9) (10) {11) (12) {13) 
I-3-ETF-1 0.0500 2.000 2.009 2.004 2.004 0.607 0.610 7.350 7.362 4.000 7.256 0.0938 
I-3-ETF-2 0.0495 2.000 2.009 2.003 2 .. 003 0.607 0.609 7.348 7.356 4.000 7.253 0.0938 
I-3-ETF-5 0.0500 1.992 1.996 1.998 1.997 0.620 0.600 7.370 7.381 3.992 7.276 0.0938 
I-3-ETF-6 0.0490 1.987 1.999 1.977 2.009 0.613 0.602 7.385 7.366 3.986 7.278 0.0938 
I-3-ETF-1* 0.0500 2.000 2.006 2.015 2.000 0.610 0.611 7.375 7.343 4.010 7.259 0.0938 
I-3-ETF-2* 0.0500 2.001 1.978 2.013 2.000 0.607 0.606 7.362 7.378 3.996 7.270 0.0938 
I-3-ETF-5* 0.0490 1.981 1.989 1.987 1.997 0.619 0.615 7.371 7.377 3.978 7.276 0.0938 
I-3-ETF-6* 0.0500 1.990 1.993 1.997 2.005 0.621 0.610 7.382 7.350 3.994 7.266 0.0938 
I-3'-IOF-1 0.0460 1.931 1.959 1.938 1.931 0.600 0.642 7.075 7.102 3.880 6.997 0.0938 
I-3'-lOF-2 0.0460 1.937 1. 935 1.927 1.973 0.608 0.607 7.112 7.065 3.886 6.997 0.0938 
I-3'-lOF-5 0.0460 1.916 1.933 1.959 1.928 0.602 0.601 7.172 7.116 3.868 7.052 0.0938 
I-3'-!0F-6 0.0460 1.924 1.952 1.922 1.928 0.605 0.590 7.106 7.108 3.864 7.015 0.0938 
l-3'-EOF-1 0.0460 1. 962 1.915 1.915 1.953 0.596 0.628 7.066 6.962 3.872 6.922 0.0938 
l-3'-EOF-2 0.0460 1.949 1.903 1. 917 1.951 0.635 0.590 7.000 7 .03.3 3.860 6.925 0.0938 
I-3'-EOF-5 0.0460 1.942 1.956 1.939 1.945 0.642 0.639 7.077 7.113 3.892 7.002 0.0938 
I-3'-EOF-6 0.0460 1.950 1.934 1.905 1.931 0.630 0.608 6.997 7.064 3.860 6.939 0.0938 
I-5'-IOF-5 0.0600 1. 739 1. 749 1.885 1.917 0.540 0.513 7.277 7.313 3.488 7.175 0.0938 
3.802 
1-5' -IOF-6 0.0590 1. 735 l. 745 1.880 1.895 0.528 0.520 7.292 7.337 3.480 7.197 0.0938 
3. 776 
t-5'-EOF-5 0.0600 1. 739 l. 744 1.890 1.882 0.532 0.523 7.291 7.309 3.484 7.180 0.0938 
3. 772 








































DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Cross-Section Dimensions, in inches 
t B1 B2 B3 B4 d1 d2 Dl D2 BB h R 
(2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
0.0610 1. 738 1. 743 1.882 1.890 0.530 0.514 7.282 7.336 3.482 7.187 0.0938 
3. 772 
0.0615 1. 742 1. 748 1.888 1.885 0.535 0.530 7.347 7.280 3.490 7.191 0.1094 
3.774 
0.0600 1. 738 1. 742 1.881 1.886 0.541 0.525 7.268 7.325 3.480 7.177 0.0938 
3.768 
0.0600 1.741 1. 748 1.900 1.894 0.545 0.529 7.301 7.332 3.490 7.197 0.1094 
3.794 
0.0752 1. 750 1. 751 1.931 1.936 0.509 0.544 7.286 7.321 3.502 7.154 0.1016 
3.868 
0.0752 1. 750 1. 750 1.928 1.934 0.509 0.522 7.287 7.325 3.500 7.156 0.0938 
3.862 
0.0752 1. 789 1. 783 1.929 1.931 0.493 0.529 7.398 7.399 3.572 7.249 0.0938 
3.860 
0.0751 1. 768 1. 772 1.930 1.934 0.496 0.517 7.381 7.420 3.540 7.251 0.0938 
3.864 
0.0755 1. 768 1. 762 1.930 1. 927 0.497 0.521 7.417 7. 391 3.530 7.255 0.0859 
3.858 

















'DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Specimen Cross-Section Dimensions, in inches 
No. 
t B1 B2 B3 B4 d1 d2 D1 D2 BB h R 
_(lj _(21 (3) (4) 15} (6) (7) (8) (91 (_101 (11) (12) (13) 
I-6-EOF-1 0.0750 1. 787 1. 766 1.929 1.926 0.493 0.521 7.396 7.415 3.554 7.256 0.0938 
3.865 
1-6-EOF-2 0.0752 1. 766 1. 767 1.936 1.930 0.495 0.515 7.403 7.390 3.534 7.247 0.0938 
3.866 
1-6-EOF-5 0.0750 1.781 1. 772 1.937 1.930 0.495 0.520 7.391 7.431 3.554 7.261 0.0938 
3.864 
1-6-EOF-6 0.0752 1.784 1. 771 1.948 1.936 0.496 0.505 7.400 7. 372 3.556 7.236 0.0938 
3.884 
1-6-EOF-7 0.0775 1. 746 1. 753 1.927 1.933 0.512 0.530 7.318 7.327 3.500 7.168 0.0938 
3.860 
1-6-EOF-8 0.0760 1. 762 1. 768 1.939 1.928 0.504 0.515 7.386 7.370 3.530 7.226 0.0938 
3.868 
1-6-1TF-l 0.0750 1. 775 1. 772 1.929 1.931 0.490 0.521 7.389 7.421 3.548 7.255 0.0938 
3.860 
I-6-ITF-2 0.0751 1.771 1. 768 1.939 1.929 0.494 0.522 7.384 7.425 3.540 7.255 0.0938 
3.868 
I-6-1TF-5 0.0751 1.773 1. 752 1.926 1.931 0.497 0.525 7.385 7.335 3.526 7.210 0.0938 
3.858 
I-6-ITF-6 0.0750 1. 765 1. 748 1.930 1.934 0.502 0.528 7.385 7.332 3.514 7.209 0.0938 
3.864 
I-6-ITF-7 0.0760 1. 765 1. 767 1.926 1.933 0.513 0.513 7. 371 7.411 3.532 7.239 0.0938 
3.860 


















TABLE A. 2 
DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Specimen Cross-Section Dimensions, in inches 
No. t Bl B2 B3 B4 d1 d2 D1 D2 BB h R 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
I-6-ETF-1 0.0751 1. 775 1.775 1.938 1.930 0.496 0.514 7.380 7.350 3.550 7.215 0.0938 
3.868 
I-6-ETF-2 0.0750 1.766 1. 769 1.933 1.931 0.500 0.522 7.372 7.437 3.536 7.255 0.0938 
3.864 
I-6-ETF-5 0.0752 1. 772 1. 757 1.933 1.936 0.500 0.527 7.392 7.337 3.530 7.215 0.0938 
3.870 
I-6-ETF-6 0.0752 1. 765 1. 768 1.931 1.931 0.496 0.527 7.397 7.395 3.534 7.246 0.0938 
3.862 
I-6-ETF-7 0.0750 1. 762 1. 776 1.931 1.938 0.508 0.503 7.381 7.365 3.538 7.240 0.0938 
3.870 
I-6-ETF-8 0.0760 1. 763 1.769 1.92'• 1.940 0.502 0.518 7.405 7.375 3.532 7.238 0.0938 
3.864 
I-6"-IOF-1 0.0470 2.997 3.027 3.001 2.973 0.640 0.600 7.080 7.103 6.000 6.998 0.0938 
I-6"-IOF-2 0.0460 2.941 2.995 3.015 2.929 0.670 0.680 6.924 6.975 5.940 6.858 0.0938 
I-6"-IOF-5 0.0460 2.986 3.032 2.981 3.009 0.644 0.623 7.079 7.116 6.004 7.006 0.0938 
I-6"-10F-6 0.0460 2.938 2.940 2.951 2.946 0.683 0.673 6.931 6.974 5.890 6.861 0.0938 
t-6' -EOF-1 0.0470 3.002 2.998 3.031 3.024 0.600 0.630 7.117 7.124 6.028 7.027 0.0938 
1-6"-EOF-2 0.0460 2.972 3.033 2.944 2.955 0.642 0.681 6.948 6.900 5.952 6.832 0.0938 
1-6"-EOF-5 0.0460 2.988 2.976 2.934 2.964 0.679 0.664 6.947 7.003 5.932 6.883 0.0938 
t-6"-EOF-6 0.0460 3.016 3.020 3.009 2.978 0.657 0.580 7.126 7.084 6.012 7.013 0.0938 
I-6"-ITF-1 0.0460 3.035 2.998 2.995 2.993 0.631 0.637 7.097 7.078 6.010 6.996 0.0938 
I-6"-ITF-2 0.0465 2.987 2.996 2.976 2.984 0.626 0.621 7.078 7.080 5.972 6.986 0.0938 
I-6"-tTF-5 0.0460 3.023 3.016 3.012 3.015 0.631 0.607 7.084 7.100 6.034 7.000 0.0938 























•TABLE A • .2 
~DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Specimen Cross-Section Dimensions, in inches 
No. t Bl B2 B3 B4 d1 d2 D1 D2 BB h R 
_(1} {2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
I-6"-ETF-1 0,0470 2.991 3.007 3.001 3.008 0.662 0.601 7.010 7.023 6.000 6.923 0.0938 
I-6"-ETF-2 0.0460 2.992 2.992 2.994 3.031 0.689 0.609 7.016 7.113 6.004 6.973 0.0938 
I-6"-ETF-5 0.0460 2.988 3,030 3.015 3.009 0.591 0.591 7.098 7.124 6.002 7.019 0.0938 
I-6"-ETF-6 0.0460 2.994 3.017 3.000 2.998 0~600 0.612 7.098 7.094 6.004 7.004 0.0938 
I-9-IOF-1 0.0465 3.467 3.480 3.451 3.485 0.467 0.602 6.975 7.002 6.942 6.896 0.0938 
I-9-IOF-2 0.0460 3.447 3.478 3.473 3.454 0.518 0.507 7.040 6.970 6.926 6.913 0.0938 
I.-9-l.O'F-5 0.0460 3.461 3.475 3.475 3.495 0.476 0.596 7.029 6.906 6.954 6.876 0.0938 
I-9-IOF-6 0.0455 3.464 3.494 3.498 3~521. 0.488 0~575 6.931 6.969 6.988 6.859 0.0938 
I-9-EOF-1 0.0460 3.500 3.457 3.575 3.497 0.476 0.612 6.921 6.906 7.014 6.822 0.0938 
I-9-EOF-2 0.0460 3.469 3.447 3.457 3.477 0.476 0.590 6.988 6.993 6.926 6.899 0.0938 
I-9-EOF-5 0.0460 3.478 3,487 3.468 3.453 0.483 0.551 7.007 6.997 6.944 6.910 0.0938 
I-9-EOF-6 0.0460 3.461 3.469 3.463 3.497 0.456 0.648 6.888 6.983 6.946 6.844 0.0938 
I.-12-IOF-1 0.0505 1.482 1.517 1.493 1.513 0.593 0.580 7.436 7.429 3.002 7.332 0.0938 
I-12-IOP-2 0.0515 1.500 1.521 1.520 1.497 0.604 0.608 7.447 7.450 3.018 7.346 0.0938 
I-12-IOF-5 0.0505 1.485 1.461 1.490 1.492 0.591 0.599 7.456 7.480 2.964 7.367 0.0938 
I-12-IOF-6 0.0510 1.497 1.481 1.513 1.522 0.589 0.617 7.444 7.491 3.006 7.330 0.0938 
I-12-EOF-1 0.0510 1.506 1.520 1.517 1.504 0.601 0.614 7.456 7.433 3.024 7.343 0.0938 
I-12-EOF-2 0.0503 1.519 1.513 1.515 1.511 0.612 0.617 7.485 7.405 3.030 7.344 0.0938 
t-12-EOF-5 0.0510 1.512 1.513 1.515 1. 502 0.607 0.612 7.420 7.450 3.022 7.333 0.0938 
1-12-EOF-6 0.0510 1.509 1.498 1.520 1.473 0.597 0.629 7.402 7.416 3.000 7.307 0.0938 
I-12' -IOF-5 0.1080 3.977 3.973 3.955 3.968 1.036 1.040 5.550 5.550 7.952 5.334 0.1094 
1-12'-IOF-6 0.1070 3.935 3.991 3.963 3.975 1.038 1.038 5.492 5.507 7.926 5.286 0.1094 
1-12'-EOF-5 0.1080 3.953 3.937 3.977 3.965 1.048 1.038 5.485 5.520 7.890 5.287 0.1094 
1-12'-EOF-6 0.1075 3.939 3.977 3.968 3.986 1.038 1.040 5.517 5.538 7.916 5.313 0.1094 
t-12'-ITF-5 0.1080 3.977 3.981 3.972 3.962 1.054 1.035 5.508 5.515 7.958 5.300 0.1094 
































DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS. I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued} 
Specimen Cross-Section Dimensions. in inches 
No. t Bl B2 B3 B4 dl d2 Dl D2 BB h R 
{1) {2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
I-12'-ETF-5 0.1080 3.984 3.971 3.992 3.984 1.037 1.052 5.490 5.528 7.956 5.293 0.1094 
I-12'-E'IF-6 0.1080 3.990 3.981 3.996 3.975 1."064 1.036 5.500 5.520 7.972 5.294 0.109L! 
I-16-IOF-l 0.0505 2.516 2.524 2.536 2.513 0.565 0.582 4.056 4.031 5.044 3.943 0.0938 
I-16-IOF-2 0.0505 2.519 2.516 2.534 2.524 0.617 0.556 4.029 4.041 5.046 3.934 0.093S 
1-16-IOF-5 0.0500 2.493 2.513 2.509 2.499 0.611 0.556 3.978 4.006 5.008 3.892 0.0938 
1-16-IOF-6 0.0510 2.502 2.502 2.535" 2.508 0.616 0.600 3.980 3.974 5~034 3.875 o.o93S 
I-16-EOF-1 0.0530 2.520 2.529 2.531 2.534 0.608 0.621 3.964 3.993 5.058 3. 873 0. 0938 
1-16-EOF-2 0.0505 2.521 2.523 2.539 2.516 0.615 0.606 4.055 3.933 5.050 3.893 0.0938 
I-16-EO"F-5 0.0510 2.515 2.515 2.537 2.524 0.603 0.621 3.986 3.999 5.046 3.891 0.0938 
I-16-EOF-6 0.0510 2.523 2.528 2.536 2.545 0.599 ·o;616 4.044 4.033 5.066 3.937 0.0938 
t-U-17-IOF-5 0.0490 1.486 1.357 1.387 1.500 -- -- 1.910 4.912 2.844 4.813 0.047 
1-U-17-IOF-6 0.0490 1.375 1.386 1.425 1.380 -- -- 4.960 4.925 2.762 4.845 0.047 
I-U-17-EOF-5 0.0490 1.400 1.375 1.401 1.393 -- -- 4.931 4.969 2. 776 4. 852 0.047 
I-U-17-EOF-6 0.0490 1.376 1.450 1.395 1.461 -- -- 4.934 4.827 2.826 4.783 0.047 
1-U-18-IOF-5 0.0490 2.114 2.125 2.134 2.140 -- -- 9.634 9.675 4.240 9.557 0.047 
I-U-18-IOF-6 0.0490 2.136 2.159 2.156 2.157 -- -- 9.671 9.600 4.316 9.538 0.047 
1-U-18-'EOF-5 0.0485 2.118 2.100 2.104 2.138 -- -- 9.664 9.618 4.218 9.544 0.047 
I-U-18-'EOF-6 0.0490 2.120 2.150 2.148 2.124 -- -- 9.650 9.631 4.298 9.543 0.047 
Notea: 1. 1 in. • 25.4 mm. 
2. For designation of specimens, see page 155. 
3. For designation of symbols, see page 157. 























s. For specimens I-5'-IOF-5 to I-6-ETF-8, the first dimensions given for BB is the overall width of 
the top flange of the l-section, the second dimension given for BB is the overall width of the 
bottom flange. 
6. The dimensions of specimens presented in this table are used in paper 2. 
TABLE A.,J 
DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
CORNELL TESTS 
Cross-Section Dimensions, in inches 
Specimen No. 
t B1 B2 B3 B4 dl d2 D1 D2 BBl BB2 h 
(1) {2) (3) (4)_ (5) (6) (7) (8) (9) (10) (11) (12) (13) 
la,1b,1c 0.0460 2.550 2.550 3.210 3.210 0.610 0.900 7.920 7.920 5.100 6.420 7.828 
2a 0.0603 2.555 2.555 2.545 2.545 0.740 0.780 3.980 3. 980 5.110 5.090 3.859 
2b 0.0603 2.555 2.555 2.545 2.545 0.740 0.780 3.980 3.980 5.110 5.090 3.859 
3 0.0599 1. 975 1.975 1.965 1.965 0.560 0.530 3.970 3.970 3.950 3.930 3.850 
4a,4b 0.0609 2.980 2.980 2.995 2.995 0.790 0.800 6.100 6.100 5.960 5.990 5.978 
5a,Sb,Sc 0.0616 3.300 3.300 3.975 3.975 0.720 1.020 8.000 8.000 6.600 7.950 7.877 
6a,6b 0.0647 3.020 3.020 3.020 3.020 0.800 0.800 7.980 7.980 6.040 6.040 7.851 
7a, 7b 0.0752 3.000 3.000 3.700 3.700 0.840 1.000 7.950 7.950 6.000 7.400 7.800 
8 0.0755 4.035 4.035 4.975 4.975 0.890 0.960 8.000 8.000 8.070 9.950 7.849 
9a,9b 0.1070 2.485 2.485 2.485 2.485 o. 750 0.740 3.940 3.940 4.970 4.970 3.726 
lOa, lOb 0.1082 3.015 3.015 3.000 3.000 0.800 o. 770 5.920 5.920 6.030 6.000 5. 704 
11 0.1092 2.990 2.990 3.010 3.010 0.800 0.750 7.940 7.940 5.980 6.020 7.722 
12 0.1109 3.975 3.975 4.005 4.005 0.790 0.770 7.950 7.950 7.950 8.010 7. 728 
13a,l3b 0.1342 2.445 2.445 2.460 2.460 o. 720 0.710 3.960 3.960 4.890 4.920 3.692 
14a.l4b 0.1478 3.005 3.005 3.000 3.000 0.680 0.680 5.950 5.950 6.010 6.000 5.654 
15a,l5b 0.1473 3.025 3.025 3.005 3.005 0.660 0.650 7.970 7.970 6.050 6.010 7.675 
16a,l6b,l6c,l6d 0.0460 1.200 1.200 1.510 1.510 0.640 l.OZO 8.020 8.020 2.400 3.020 7.928 

























'DIMENSIONS OF SPECIMENS FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
CORNELL TESTS 
(Continued) 
Cross-Section Dimensions, in inches 
Specimen No. 
t Bl B2 B3 B4 dl d2 Dl D2 .BlH .BB2 
_ (lj (2.) (3) (4) _ (5) (6) (7) (8) 191 (10) (11) {12) 
17a,l7b,l7c,l7d 0.0755 1.450 1.450 1.990 1.990 0.840 1.000 7.980 7.980 2.900 3.980 
17e,17f 0.0755 1.450 1.450 1.990 1.990 0.840 1.000 7.980 7.980 2.900 3.980 
18a,18b,18c 0.1230 2.510 2.510 3.500 3.500 1.020 1.020 8.100 8.100 5.020 7.000 










2. Specimens No. 1 through 18 were used for web crippling tests conducted at Cornell University 
3. The bend radius of corner was not given in Ref. 13 of paper 2. 
4. For designation of specimens, see page 155. 
S. For designation of symbols, see page 158. 
6. The dimensions of specimens presented in this table are used in paper 2. 
TABLE A.4 
DIMENSIONS OF SPECIMENS FOR COMBINED WEB CRIPPLING AND BENDING TESTS 
SINGLE UNREINFORCED WEBS 
Specimen Cross Section Dimensions, in inches 
No. 
t B1 B2 B3 B4 d1 d2 D1 D2 BB h 
(1) _(2) (3) (4) (5) (_6J (7) (8) (9) (10) (11) (12) 
SU-BC-1-1 0.0460 1.934 1.983 1.930 1.886 0.585 0.607 4.838 4.709 7 4.682 
SU-BC-1-2 0.0460 1.934 1.926 1.900 1.925 0.590 0.582 4. 773 4.788 7 4.689 
SU-:BC-1-3 0.0460 1.894 1.975 1.957 1.914 0.601 0.613 4.784 4.669 7 4.635 
SU-BC-1-4 0.0465 1.895 1.957 1.969 1.938 0.639 0.632 4.700 4.678 7 4.596 
SU-BC-1-5 0.0470 1.903 1.956 1.964 1.900 0.637 0.633 4.718 4.728 7 4.629 
SU-BC-1-6 0.0460 1.898 1.980 1.952 1.905 0.640 0.629 4.717 4.680 7 4.607 
SU-BC-3-1 0.0494 1.625 1.658 1.665 1.632 0.617 0.639 9.815 9.800 7 9.709 
SU-BC-3-2 0.0494 1.635 1.641 1.640 1.637 0.617 0.641 9. 780 9.781 7 9.682 
SU-BC-3-3 0.0494 1.643 1.644 1.648 1.638 0.620 0.635 9.768 9.788 7 9.679 
SU-BC-3-4 0.0494 1.637 1.639 1.639 1.631 0.632 0.639 9.813 9.811 7 9.713 
SU-BC-3-5 0.0484 1.636 1.635 1.632 1.634 0.638 0.625 9.785 9. 775 7 9.682 
SU-BC-3-6 0.0494 l. 635 1.654 1.655 l. 622 0.632 0.628 9.809 9.804 7 9.708 
SU-BC-15-1 o.osoo 3.150 3.132 3.140 3.180 0.584 0.620 7.460 7.396 7 7.298 
SU-BC-15-2 0.0510 3.100 3.159 3.155 3.176 0.625 0.603 7.457 7.428 7 7.341 
SU-BC-15-3 0.0510 3.175 3.132 3.132 3.157 0.615 0.605 7.408 7.437 7 7.321 
SU-BC-15-4 0.0500 3.140 3.107 3.143 3.167 0.620 0.581 7.436 7.425 7 7.331 
SU-BC-15-5 0.0510 3.186 3.124 3.131 3.181 0.612 0.615 7.428 7.383 7 7.304 
SU-BC-15-6 0.0520 3.175 3.130 3.134 3.174 0.613 0.611 7.443 7.380 7 7.261 
Note: 1. 1 in. =25.4 mm. 
2. For designation of symbols, see page 155. 
3. For designation of specimens, see page 156. 
4. The dimensions of specimens presented in this table are used in paper 3. 
Total 
Length, 
















































DIMENSIONS OF SPECIMENS FOR COMBINED WEB CRIPPLING AND BENDING TESTS 
I-SECTIONS HAVING UNREINFORCED WEBS 
Cross Section Dimensions, in inches 
Bl B2 B3 B4 dl d2 D1 D2 BB h 
(3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
2.075 2.080 2.064 2.056 0.573 0.581 4.750 4.814 4.138 4.690 
2.083 2.068 2.066 2.071 0.607 0.595 4.694 4.790 4.144 4.649 
2.072 2.069 2.067 2.078 0.609 0.582 4.783 4.692 4.144 4.644 
2.053 2.058 2.075 2.086 0.617 0.581 4.775 4.684 4.136 4.634 
2.047 2.089 2.075 2.105 0.571 0.609 4.736 4.767 4.158 4.660 
2.056 2.087 2.095 2.070 0.590 0.609 4. 721 4.738 4.154 4.638 
4.507 4.509 4.529 4.508 0.685 0.666 9.898 9.815 9.026 9.758 
4.545 4.500 4.525 4.529 0.678 0.664 9.856 9.871 9.050 9.766 
4.514 4.492 4.520 4.498 0.698 0.694 9.854 9.861 9.012 9.758 
4.530 4.494 4.534 4.571 0.679 0.697 9.850 9.832 9.064 9.741 
4.525 4.506 4.505 4.507 0.664 0.688 9.941 9.814 9.022 9. 779 
4.518 4.510 4.500 4.535 0.681 0.675 9.884 9.948 9.032 9.817 
1.635 1.645 1.650 1.635 0.573 0.682 2.514 2.535 3.282 2.424 
1.640 1.630 1.628 1.645 0.601 0.645 2.532 2.528 3.272 2.431 
1.638 1.677 1.645 1.607 0.617 0.673 2.480 2.504 3.284 2.393 
1.646 1.678 1.642 1.617 0.648 0.624 2.497 2.493 3.292 2.396 
1.654 1.654 1.621 1.627 0.611 0.659 2.566 2.555 3.278 2.462 
1.653 1.662 1.648 1.617 0.595 0.651 2.502 2.559 3.290 2.432 
2.284 2.245 2.253 2.253 0.717 0.745 4.082 4.082 4.532 3.930 
2.258 2.269 2.281 2.281 0.729 0.731 4.072 4.096 4.546 3.932 
2.273 2.284 2.281 2.281 0.737 0.690 4.097 4.104 4.560 3.949 
2.236 2.272 2.277 2.277 0.703 0.742 4.000 4.088 4.528 3.892 
2.251 2.234 2.260 2.260 0.747 0.709 4.086 4.050 4.504 3.918 
2.227 2.257 2.245 2.245 0.740 0. 729 4.075 4.057 4.500 3.914 
Total 
Length, 

















































DIMENSIONS OF SPECIMENS FOR COMBINED WEB CRIPPLING AND BENDING TESTS 
I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Cross Section Dimensions, in inches 
Bl B2 B3 B4 dl d2 Dl D2 BB h 
(3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
2.287 2.274 2.268 2.269 0.718 0.722 7.830 7.750 4.550 7.638 
2.249 2.266 2.277 2.256 0.732 o. 722 7.780 7.810 4.524 7.643 
2.261 2.277 2.254 2.248 0.712 0.738 7.796 7. 796 4.520 7.644 
2.257 2.274 2.279 2.270 0.731 0. 722 7.784 7.804 4.540 7.642 
2.271 2.259 2.273 2.284 0.716 o. 723 7.750 7.744 4.544 7.597 
2.292 2.265 2.263 2.269 o. 726 0.712 7.750 7.792 4.544 7.621 
3.476 3.524 3.494 3.529 0.611 0.626 7.384 7.325 7.012 7.255 
3.490 3.535 3.504 3.525 0.624 0.618 7.396 7.317 7.028 7.255 
3.527 3.477 3.508 3.495 0.625 0.611 7.319 7.386 7.004 7.253 
3.501 3.514 3.519 3.500 0.610 0.606 7.340 7.312 7.018 7.224 
3.500 3.517 3.511 3.504 0.616 0.608 7.375 7.380 7.016 7.278 
3.501 3.514 3.519 3.500 0.610 0.606 7.340 7.312 7.018 7.224 
2.350 2.350 2.325 2.337 0.858 0.865 5.500 5.480 4.682 5.276 
2.338 2.350 2.330 2.343 0.858 0.867 5.498 5.477 4.680 5.274 
2.328 2.342 2.334 2.335 0.870 0.856 5.471 5.495 4.670 5.271 
2.344 2.338 2.320 2.345 0.863 0.861 5.462 5.507 4.674 5.271 
2.341 2.339 2.354 2.332 0.854 0.855 5.493 5.500 4.684 5.283 
2.335 2.324 2.337 2.357 0.879 0.867 5.481 5.428 4.676 5.242 
Total 
Length, 





















DIMENSIONS OF SPECIMENS FOR COMBINED WEB CRIPPLING AND BENDING TESTS 
I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Specimen Cross Section Dimensions, in inches 
No. t Bl B2 B3 B4 dl d2 Dl D2 ' BB h 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
I-BC-13-1 0.1090 4.984 4.981 4.979 3.975 1.063 1.068 10.65 10.63 9.960 10.42 
I-BC-13-2 0.1070 4.950 5.000 4.985 4.989 1.035 1.034 10.68 10.74 9.962 10.50 
I-BC-13-3 0,1065 4.975 4.964 4.984 4.969 1.047 1.050 10.71 10.68 9.946 10.48 
I-BC-13-4 0,1080 4.982 4.993 4.991 4.979 1.051 1.039 10.66 10.75 9.972 10.49 
I-BC-13-5 0.1090 4.987 5.007 5.004 4.996 1.056 1.045 10.67 10.72 9.998 10.48 
I-BC-13-6 0.1070 4.975 4.990 4.994 4.978 1.038 1.057 10.68 10.74 9.968 10.50 
Note: 1. 1 in. = 25.4 mm. 
2. For designation of specimens, see page 155. 
3. For designation of symbols, see page 157. 
4. The dimensions of specimens presented in this table are used in paper 4. 
Total 
Length, 









PERTINENT PARAMETERS AND SECTIONAL PROPERTIES 
OF BEAM SPECIMENS 
179 
In this Appendix, the pertinent parameters and sectional 
properties of all the beam specimens used in this investigation are 
presented. Tables B.l, B.2, B.4 and B.S contain the parameters and 
sectional properties of beam specimens used for the UMR study. 
Table B.3 lists the parameters and sectional properties of I-beam 
specimens which were used at Cornell University. 
180 
TABLE B.l 
PARAMETERS AND SECTIONAL PROPERTIES OF SPECIMENS FOR WEB CRIPPLING TESTS-SINGLE UNREINFORCED WEBS 
Specimen . _ 
Parameters and Sectional Properties 
No. 
(w/t) lim FY' in Aw· in Sx, in s~, in S" in N, in x• 
inches N/t h/t R/t w/t kips per square cubic cubic cubic square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
SU-1-IOF-1 1 20.83 204.77 2. 77 27.27 33.35 43.82 0.472 1.667 1.600 1.667 
SU-1-IOF-2 1 21.05 208.59 2.63 26.95 33.35 43.82 0.471 1.651 1.589 1.651 
SU-1-IOF-5 3 61.86 203.20 2.58 26.16 33.35 43.82 0.478 1.685 1.619 1.685 
SU-1-IOF-6 3 62.50 205.19 2.60 27.10 33.35 43.82 0.473 1.678 1.610 1.678 
SU-1-EOF-1 1 21.05 208.06 2.63 27.49 33.35 43.82 0.469 -- -- --
SU-1-EOF-2 1 20.83 205.52 2.60 26.29 33.35 43.82 0.474 -- -- --
SU-1-EOF-5 3 61.22 201.22 2.50 26.86 33.35 43.82 0.483 -- -- --
SU-1-EOF-6 3 60.00 197.28 2.81 26.30 33.35 43.82 0.493 -- -- --
SU-1-ITF-1 1 20.83 205.35 2.60 -- -- 43.82 -- -- -- --
SU-1-ITF-2 1 21.05 207.33 2.63 -- -- 43.82 -- -- -- --
SU-1-ITF-5 3 62.50 205.39 2.60 -- -- 43.82 -- -- -- --
SU-1-ITF-6 3 63.83 209.89 2.66 -- -- 43.82 -- -- -- --
SU-1-ETF-1 1 21.74 213.59 2. 72 -- -- 43.82 -- -- -- --
SU-1-ETF-2 1 21.28 209.45 2.66 -- -- 43.82 -- -- -- --
SU-1-ETF-5 3 63.16 207.31 2.63 -- -- 43.82 -- -- -- --
SU-1-ETF-6 3 62.50 205.27 2.60 -- -- 43.82 -- -- -- --
SU-2-IOF-1 1 20.41 249.94 2.55 26.61 33.35 43.82 0.600 2.367 2.309 2.367 
SU-2-IOF-2 1 20.00 244.20 2.50 24.78 33.35 43.82 0.611 2.402 2.344 2.402 
SU-2-IOF-5 3 62.80 254.35 2.60 27.19 33.35 43.82 0.586 2,319 2.261 2.319 
SU-2-IOF-6 3 61.22 249.94 2.55 26.24 33.35 43.82 0.600 2 368 2 .).1.1 2.368 
SU-2-EOF-1 1 20.62 250.06 2.58 26.00 33.35 43.82 0.588 -- -- --
SU-2-EOF-2 1 20.83 252.58 2.60 26.54 33.35 43.82 0.582 -- -- --
SU-2-EOF-5 3 62.50 254.04 2.60 26.27 33.35 43.82 0.585 -- -- --
SU-2-EOF-6 3 63.83 258.53 2.66 26.70 33.35 43.82 0.571 -- -- --. --
TABLE B.l 
PARAMETERS AND SECTIONAL PROPERTIES OF SPECIMENS FOR WEB CRIPPLING TESTS-SINGLE UNREINFORCED WEBS 
(Continued) 
Specimen 

































































































































( I ) F • in 































































Sx, in s~. in S" Xt in 
cubic cubic cubic 
inch inch inch 
(10) _{11] (12) -- -- ---- -- ---- -- ---- -- ---- -- ---- -- ---- -- ---- -- --
0.749 0.666 o. 749-
0. 754 0.668 0.754 
0.764 0.676 0.764 
0.755 0.670 0.755 
0.758 0.673 0.758 
0.753 0.668 0.753 
-- -- ---- -- --
-- -- ---- -- ---- -- ---- -- ---- -- ---- -- --
--
TABLE B.1 
PARAMETERS AND SECTIONAL PROPERTIES OF SPECIMENS FOR WEB CRIPPLING TESTS-SINGLE UNREINFORCED WEBS 
(Continued) 
Specimen 
Parameters and Sectional Properties 
No. 
ti, in (w/t)1im 
Fy, in Aw, in Sx, in s~, in sn in X' 
~ncbes 
N/t h/t R/t w/t kips per square cubic cubic cubic 
square inch inch inch inch inch 
(1) _(21 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
SU-4-ETF-1 1 20.00 97.27 1.88 -- -- 47.12 -- -- -- --
SU-4-ETF-2 1 19.42 93.92 1,97 -- -- 47.12 -- -- -- --
SU-4-ETF-3 2 39.22 95.07 1.84 -- -- 47.12 -- -- -- --
SU-4-ETF-4 2 39.22 94.61 1.84 -- -- 47.12 -- -- -- --
SU-4-ETF-5 3 60.00 96.82 L88 -- -- 47.12 -- -- -- --
SU-4-ETF-6 3 60.00 96.70 L88 -- -- 47.12 -- -- -- --
SU-5-IOF-1 1 20.20 123.11 1.90 49.35 32.16 47.12 0.302 1.109 0.983 1.109 
SU-5-IOF-2 1 19.92 121,05 1.87 48.49 32.16 47.12 0.305 1.107 0.992 1.107 
SU-5-IOF-3 2 40.00 121.90 1.95 48.70 32.16 47.12. 0.305 1.107 0.991 1.107 
SU-5-IOF-4 2 39.60 120.38 1.86 48.30 32.16 47.12 0.308 1.117 1.000 1.117 
SU-5-IOF-5 3 59.52 120.74 1.78 48.42 32.16 47.12 0.308 1.102 0.989 1.102 
SU-5-IOF-6 3 59.64 121.10 1.87 48.25 32.16 47.12 0.306 1.113 0.997 1.113 
SU-5-EOF-1 1 19.80 120.55 1.86 49.35 32.16 47.12 0.307 -- -- --
SU-5-EOF-2 1 19.57 118.49 1.76 47.57 32.16 47.12 0.309 -- -- --
SU-5-EOF-3 2 39.22 119.69 1.84 47.90 32.16 47.12 0.311 -- -- --
SU-5-EOF-4 2 39.60 120.85 2.01 48.22 32.16 47.12 0.308 -- -- --
SU-5-EOF-5 3 59.29 120.33 1.85 48.45 32.16 47.12 0.308 -- -- --
SU-5-EOF-6 3 59.88 121.63 1.87 48.77 32.16 47.12 0.305 -- -- --
SU-5-ITF-1 1 20.00 121.58 1.88 -- -- 4 7.12 -- -- -- --
SU-5-ITF-2 1 19.88 120.68 1.87 -- -- 47.12 -- -- -- --
SU-5-ITF-3 2 39.60 120.61 1.86 -- -- 4 7.12 -- -- -- --
SU-5-ITF-4 2 39.92 121.23 1.87 -- -- 47.12 -- -- -- --
SU-5-ITF-5 3 59.64 120.45 1.80 -- -- 47.12 -- -- -- --
SU-5-ITF-6 3 60.00 121.50 1.80 -- -- 47.12 -- -- -- --
TABLE B.1 
PARAMETERS AND SECTIONAL PROPERTIES OF SPECIMENS FOR ~lEB CRIPPLING TESTS-SINGLE UNREINFORCED WEBS 
(Continued) 
Parameters and Sectional Properties 
Specimen (w/t) 1 . 
Fy, in Aw, in Sx, in s~. in S" in N, in XJ No. inches N/t h/t R/t w/t 1m kips per square cubic cubic cubic square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
SU-5-ETF-1 1 19.80 120.08 1. 78 -- -- 47.12 -- -- -- --
SU-5-ETF-2 1 19,69 119.99 1, 77 -- -- 47.12 -- -- -- --
SU-5-ETF-3 2 39.45 120.37 1.85 -- -- 47.12 -- -- -- --
SU-5-ETF-4 2 39.92 121.47 2.03 -- -- 47.12 -- -- -- --
SU-5-ETF-5 3 58.94 119,34 1.84 -- -- 47.12 -- -- -- --
SU-5-ETF-6 3 59.64 121.00 1.87 -- -- 47.12 -- -- -- --
SU-6'-IOF-1 1 20.00 145.42 1.88 58.10 32.16 47.12 0.364 1.533 1.335 1.545 
SU-6'-IOF-2 1 20.00 146.20 1. 72 58.52 32.16 47.12 0.366 1.538 1.344 1.556 
SU-6'-IOF-3 2 40.40 147,09 1.81 59.03 32.16 47.12 0.360 1.519 1.325 1.532 
SU-6'-IOF-4 2 40.24 147,68 1.89 58.43 32.16 47.12 0,365 1.529 1.338 1.551 
SU-6'-IOF-5 3 60,98 148.33 1.91 59.58 32.16 47.12 0.359 1.515 1.322 1.529 
SU-6'-IOF-6 3 59,64 144,96 1. 79 57.87 32.16 47.12 0.366 1.541 1.335 1.556 
SU-6'-EOF-1 1 20.03 146.29 1. 73 58.91 32.16 47.12 0.385 -- -- --
SU-6'-EOF-2 1 20.20 147.33 1.90 58,87 32.16 47.12 0.361 -- -- --
SU-6 I -EOF-3 2 40.57 147.86 1. 74 59.25 32.16 47.12 0.359 -- -- --
SU-6' -EOF-4 2 40.82 148.90 1.99 59.88 32.16 47.12 0.358 -- -- --
SU-6 '-EOF-5 3 60.00 145.88 1.88 58,80 32,16 47.12 0.365 -- -- --
SU-6' -EOF-6 3 60.00 146.02 1.88 58,18 32.16 47.12 0.365 -- -- --
SU-6'-ITF-1 1 20.20 146.57 1.90 -- -- 47.12 -- -- -- --
SU-6'-ITF-2 1 20.16 146.69 1. 73 -- -- 47.12 -- -- -- --
SU-6'-ITF-3 2 40.00 145.20 1. 72 -- -- 47.12 -- -- -- --
SU-6'-ITF-4 2 40.40 147.09 1.90 -- -- 47.12 -- -- -- --
SU-6'-ITF-5 3 59.52 144.39 1.86 -- -- 47.12 -- -- -- --
SU-6 I- ITF-6 3 61.22 148.57 1. 91 -- -- 47.12 -- -- -- --
TABLE B.l 
PARAMETERS AND SECTIONAL PROPERTIES OF SPECD1ENS FOR WEB CRIPPLING TESTS-SINGLE UNREINFORCED WEBS 
(Continued) 
Parameters and Sectional Properties 
Specimen 
(w/t) 1 . 
FY, in A.y,, in Sx, in s~, in S" in N, in XJ No. inches N/t h/t R/t w/t 1m kips per square cubic cubic cubic square inch inch inch inch inch 
(1) (2) {3) (4) (S) (6) (7) (8) (9) (10) (11) (12) 
SU-6' -ETF-1 1 20.41 148.55 1.91 -- -- 47.12 -- -- -- --
SU-6 '-ETF-2 1 20.00 145.44 1.88 -- -- 47.12 -- -- -- --
SU-6'-ETF-3 2 40.00 146.54 1.88 -- -- 47.12 -- -- -- --
SU-6 '-ETF-4 2 39.60 144.16 1.86 -- -- 47.12 -- -- -- --
SU-6'-ETF-5 3 60.00 146.92 1.88 -- -- 47.12 -- -- -- --
SU-6' -ETF-6 3 59.64 144.58 1. 87 -- -- 47.12 -- -- -- --
M-SU-4-IOF-1 1 20.00 97.46 1.88 39.00 32.16 47.12 0.244 0.768 0.679 0.768 
H-SU-4-IOF-2 1 19.80 95.19 1.94 39.01 32.16 47.12 0.243 0.765 0.675 0.765 
M-SU-4-IOF-5 3 58.82 94.69 1.84 38.49 32.16 47.12 0.248 0.776 0.683 0. 776 
M-SU-4-IOF-6 3 59.64 96.13 1. 79 38.88 32.16 47.12 0.243 0.764 0.675 0.764 
M-SU-4-EOF-1 1 20.00 96.00 1.80 39.18 32.16 47.12 0.240 -- -- --
M-SU-4-EOF-2 1 19.72 95.44 1.85 38.76 32.16 47.12 0.245 -- -- --
M-SU-4-EOF-5 3 60.00 95.90 1. 72 39.10 32.16 47.12 0.240 -- -- --
M-SU-4-EOF-6 3 60.00 96.38 1.88 39.22 32.16 47.12 0.241 -- -- --
M-SU-6'-IOF-1 1 19.92 145.37 1.87 57.95 32.16 47.12 0.366 --~·1. 54 3 1.346 1.588 
M-SU-6'-IOF-2 1 20.00 145.80 1.88 58.40 32.16 47.12 0.365 1.535 1.341 1.552 
M-SU-6'-IOF-5 3 59.41 144.28 1.86 58.22 32.16 47.12 0.368 1.551 1. 353 1.565 
M-SU-6'-IOF-6 3 60.24 145.87 1.88 58.73 32.16 47.12 0.362 1.508 1.317 1.516 
M-SU-&'-EOF-1 1 19.9& 145.13 1. 87 58.51 32.16 47.12 0.364 -- -- --
M-SU-6'-EOF-2 1 19.80 144.06 1.86 57.92 32.16 47.12 0.367 -- -- --
M-SU-6'-EOF-5 3 60.00 145. 30 1.88 58.78 32.lb 47.12 0.363 -- -- --
M-SU-6'-EOF-6 3 58.82 142. 71 1.84 57.67 32.16 47.12 0.371 -- -- --
TABLE B.l 
PARAMETERS AND SECTIONAL PROPERTIES OF SPECIMENS FOR WEB CRIPPLING TESTS-SINGLE UNREINFORCED WEBS 
(Continued) 
Parameters and Sectional Properties 
Specimen N, in Fy, in A,c .. , in sx, in S:k, in S" in No. N/t h/t R/t w/t (w/t)1im x• inches kips per square cubic cubic cubic 
square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
U-SU-17-EOF-1 1 20.41 99.22 0.959 26.06 10.51 36.26 0.238 -- -- --
U-SU-17-EOF-2 1 20.41 98.14 0.959 26.31 10.51 36.26 0.235 -- -- --
U-SU-17-EOF-5 3 61.22 97.82 0.959 25.76 10.51 36.26 0.235 -- -- --
U-SU-17-EOF-6 3 61.86 99.44 0.969 26.23 10.51 36.26 0.234 -- -- --
U-SU-18-EOF-1 1 20.62 195.01 0.969 42.43 10.51 36.26 0.458 -- -- --
U-SU-18-EOF-2 1 20.41 194.65 0.959 41.20 10.51 36.26 0.467 -- -- --
U-SU-18-EOF-5 3 60.00 190.62 0.940 40.52 10.51 36.26 0.477 -- -- --
U-SU-18-EOF-6 3 61.22 194.57 0.959 41.37 10.51 36.26 0.467 -- -- --
U-SU-17-!TF-5 3 60.61 96.14 0.949 -- -- 36.26 -- -- -- --
U-SU-17-ITF-6 3 61.22 96.18 0.959 -- -- 36.26 -- -- -- --
U-SU-17-ETF-5 3 61.86 100.04 0.969 -- -- 36.26 -- -- -- --
U-SU-17-ETF-6 3 61.22 98.61 0.959 -- -- 36.26 -- -- -- --
U-SU-19-ITF-5 3 61.22 194.49 0.959 -- -- 36.26 -- -- -- --
u-su-19-ITF-6 3 61.22 195.78 0.959 -- -- 36.26 -- -- -- --
U-SU-19-ETF-5 3 61.22 194.80 0.959 -- -- 36.26 -- -- -- --
U-SU-19-ETF-6 3 61.22 194.45 0.959 -- -- 36.26 -- -- -- --
U-SU-17-IOF-5 3 61.22 98.16 0.959 25.73 10.51 36.26 0,213 0.984 0.921 0.984 
U-SU-17-IOF-6 3 61.22 98.02 0.958 25.51 10.51 36.26 0.235 0.966 0.918 0.966 
U-SU-18-IOF-5 3 61.22 192.71 0.959 41.84 10.51 36.26 0.463 2.572 2.488 2.572 
U-SU-18-IOF-6 3 61.22 194.12 0.959 42.27 10.51 3b.26 0.466 2.590 2.511 2.590 
TABLE B.l 
PARAMETERS AND SECTIONAL PROPERTIES OF SPECI~lliNS FOR WEB CRIPPLING TEST-SINGLE UNREINFORCED WEBS 
(Continued) 
Notes: 1. 1 in. = 25.4 mm; 1 ksi = 6.9 }m/m2• 
2. For designation of specimens, see page 155. 
3. For designation of symbols, see page 156. 
4. For specimens No. U-SU-17-IOF-5 to U-SU-18-IOF-6, the modified section noduli are based 
on the full area of cross section and section modulus of additional plates attached to 
the top and bottom flanges, in cubic inch. 
S. The pertinent parameters and sectional properties presented in this table are used in 
paper 1. 
TABLE B.2 
PARAMETERS AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
Parameters and Sectional Properties 
Specimen 
Fy, in Aw, in sx, in s~, in S" in No. X' N, in N/t h/t R/t w/t (w/t)1im kips per square cubic cubic cubic 
inches square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
1-1-EOF-1 1 21.05 207.09 2.63 27.18 33.35 43.82 0 .. 467 -- -- --
1-1-EOF-2 1 21.28 208.45 2.66 25.34 33.35 43.82 0.460 -- -- --
I-1-EOF-5 3 63.83 209.53 2.66 27.04 33.35 43.82 0 .. 463 -- -- --
I-1-EOF-6 3 65.22 213.87 2.72 27.17 33.35 43.82 0~.453 -- -- --
I-1-I'fF-1 1 21.51 211.89 2.69 -- 33.35 43.82 -- -- -- --
1-1-ITF-2 1 20.83 206.06 2.60 -- -- 43.82 -- -- -- --
I-1-ITF-5 3 65.22 214.13 2.72 -- -- 43.82 -- -- -- --
I-1-ITF-6 3 63.83 209.47 2.66 -- -- 43.82 -- -- -- --
I-1-ETF-1 1 20.83 205.04 2.60 -- -- 43.82 -- -- -- --
I-1-ETF-2 1 20.41 201.45 2.55 -- -- 43.82 -- -- -- --
I-1-ETF-5 3 61.22 200.31 2.55 -- -- 43.82 -- -- -- --
I-1-ETF-6 3 61.22 201.41 2.55 -- -- 43.82 -- -- -- --
1-2-EOF-1 1 20.20 252.41 2.53 26.87 -- 43.82 O~i93 -- -- --
1-2-EOF-2 1 20.41 254.94 2.55 26.85 33.35 43.82 0.587 -- -- --
1-2-EOF-5 3 61.22 249.80 2.55 26.43 33.35 43.82 0.600 -- -- --
I-2-EOF-6 3 60.00 244.68 2.50 25.08 33.35 43.82 0.611 -- -- ---1-2-lTF-1 1 20.R3 254.04 2.60 -- -- 43.82 -- -- -- --
I-2-ITF-2 l 21.05 256.53 2.63 -- -- 43.82 -- -- -- --
£-2-ITF-5 3 b3.83 260.02 2.66 -- -- 43.82 -- -- -- --
I 2-ITF-6 3 62.50 254.67 2.60 -- -- 43.82 -·- -- -- --
---~~ 
1-2-ETF-1 1 21.28 260.55 2.66 -- -- 43.82 -- -- -- --
I-2-ETF-2 1 21.74 266.04 2. 72 -- -- 43.82 -- -- -- --
1-2-ETF-5 ) 63.16 258.32 2.63 -- -- 43.82 -- -- -- --





PARAMETERS AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Parameters and Sectional Properties 
Specimen 
FY, in Aw, in sx, in s~, in S" in No. x' :N, in N/t h/t R/t w/t (w/t) 1 . kips per square cubic cubic cubic 
inches 
1m square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
I-3-10F-1 1 20.41 148.61 1.91 36.43 32.16 47.12 0,356 1.281 1.142 1.281 
I-3-10F-2 1 20.00 145.78 1.88 35.44 32.16 47.12 0.364 1.303 1.162 1.303 
1-3-10F-5 3 61.22 148.22 1.91 36.35 32.16 47.12 0.156 1.281 1.140 1.281 
1-3-10F-6 3 61.22 148.27 1. 75 36.35 32.16 47.12 0.356 1.279 1.119 1.279 
1-3-EOF-1 1 20.41 148.22 1.91 36.98 32.16 47.12 0.356 -- -- --
1-3-EOF-2 1 20.00 144.74 1.88 36.06 32.16 47.12 0.36~ -- -- --
I-3-EOF-5 3 60.61 146.73 1.80 36.40 32.16 47.12 0.359 -- -- --
1-3-EOF-6 3 61.22 148.35 1.91 36.76 32.16 47.12 0.356 -- -- --
I-3-ITF-1 1 20.00 145.68 1.80 -- -- 47.12 -- -- -- --
1-3-1TF-2 1 20.00 145.68 1.88 -- -- 47.12 -- -- -- --
1-3-1TF-5 3 60.00 145.48 1.80 -- -- 47.12 -- -- -- --
1-3-1TF-6 3 61.22 148.63 1.91 -- -- 47.12 -- -- -- --
I-3-ITF-1* 1 20.41 148.47 1.91 -- -- 47.12 -- -- -- --
I-3-1TF-2* 1 20.00 145.84 1.88 -- -- 47.12 -- -- -- --
1-3-ITF-511 3 60.61 147.23 l. 90 -- -- 47.12 -- -- -- --
I-3-1TF-6* 3 61.22 148.76 1.91 -- -- 47.12 -- -- -- --
I-3-ETF-1 1 20.00 145.12 1. 88 -- -- 47.12 -- -- -- --
1-3-ETF-2 1 20.20 146.53 1.90 -- -- 47.12 -- -- -- --
1-3-ETF-5 3 60.00 145.52 l. 88 -- -- 47.12 -- -- -- --
I-3-ETF-6 3 61.22 148.53 1. 91 -- -- 47.12 -- -- -- --
I-3-ETF-1* 1 20.00 145.18 1. 88 -- -- 47.12 -- -- -- --
1-3-ETF-2* 1 20.00 145.40 1.88 -- -- 47.12 -- -- -- --
I-3-ETF-5 11 3 61.22 148.49 1.91 -- -- 47.12 -- -- -- --
t-3-ETF-6* 3 60.00 145.32 1.88 -- -- 47.12 -- -- -- --
TABLE B.2 
PARAMETERS AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Parameters and Sectional Properties 
Specimen Fy, in Ar.J, in Sx, in S,'c, in S" in No. x• 
~. in N/t h/t R/t w/t (w/ t) lim kips per square cubic cubic cubic 
inches square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
I-1-IOF-1 1 21.74 152.11 2.04 37.98 38.16 33.46 0.322 1.12'? 1.000 1.127 
I-1-IOF-2 1 21.74 152.11 2.04 38.07 38.16 33.46 0.322 1.126 1~000 1.126 
I-1-IOF-5 3 65.22 153.30 2.04 37.65 38.16 33.46 0.324 1.133 1,004 1.133 
I-1-IOF-6 3 65.22 152.50 2.04 37.83 38.16 33.46 0.322 1.128 0.999 1.12t1 
1-3'-EOF-1 1 21.74 150.48 2.04 37.63 38.16 33.46 0.318 -- -- --
I-3'-EOF-2 1 21.74 150.54 2.04 37.37 38.16 33.46 0.318 -- -- --
I-3'-EOF-5 3 65.22 152.22 2.04 38.22 38.16 33.46 0.322 -- -- --
I-3'-EOF-6 3 65.22 150.85 2.04 38.04 38.16 33.46 0.319 -- -- --
I-5'-IOF-5 3 50.00 119.58 ]. 56 24.98 32.15 47.13 0.491 1.381 1.363 1.381 
I-5'-IOF-6 3 50.85 121.98 1.59 25.41 32.15 47.13 0.425 1.360 1.343 1!360 
I-5'-EOF-5 3 50.00 119.67 1. 56 24.98 32.15 37.13 0.431 -- -- --
I-5'-EOF-6 3 50.00 119.62 1. 56 25.00 32.15 47.13 0.431 -- -- --
I-S'-ITF-5 3 49.18 117.82 1. 54 -- -- 47.13 -- -- -- --
I-5'-ITF-6 3 48.78 116.93 1. 78 -- -- 47.13 -- -- -- --
I-S'-ETF-5 3 50.00 119.62 1.56 -- -- 47.13 -- -- -- --
1-5'-ETF-6 3 50.00 119.95 1.82 -- -- 47.13 -- -- -- --·-
I-6-IOF-1 l 13.30 98.75 1.35 19.27 33.72 42.86 0.538 1. 742 1.583 1. 742 
I-6-IOF-2 1 13.30 95.15 1. 25 19.27 33.72 42.86 0.538 1.741 1.583 1.741 
1-6-IOF-5 ] 39.89 96.39 1. 25 19.71 33.72 42.86 0.545 1.782 1.618 1.782 
I-6-IOF-6 3 39.92 96.48 1. 25 19.54 33.72 42.86 0.545 1.777 1.615 1. 777 
I-6-IOF-7 3 39.74 96.07 1.14 19.34 33.72 42.86 0.547 l. 731 1.589 1. 731 
I-6-IOF-8 3 40.00 96.80 1. 25 19.56 33.72 4 0.545 1. 726 1.596 1. 726 - -- ·--- -------- - -
TABLE B·· 2 
PARAMETERS AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Parameters and Sectional Properties 
Specimen 
Fy, in Aw· in Sx, in s~. in S" in No. lN. x• in N/t h/t R/t w/t (w/t)lim kips per square cubic cubic cubic 
inches square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
1-6-IOF-1 1 13.32 96.62 1.25 19.52 33.72 42.86 0.545 -- -- --
I-6-EOF-2 1 13.30 96.36 1.25 19.48 33.72 42.86 0.545 -- -- --
I-6-EOF-5 3 39.95 96.38 1. 25 19.60 33.72 42.86 0.54$ -- -- --
1-6-EOF-6 3 39.89 96.22 1.25 19.55 33.72 42.86 0.544 -- -- --
1-6-EOF-7 3 38.71 92.49 1. 25 18.53 33.72 42.86 0.5$6 -- -- --
I-6-EOF-8 3 39.47 95.08 1.25 19.18 -- 42 86 0 '\t..Q -- -- --
I-6-ITF-1 1 13.33 96.73 1.25 -- -- 42.86 -- -- -- --
1-6-1TF-2 1 13.31 96.54 1.25 -- -- 42.86 -- -- -- --
1-6-ITF-5 3 39.95 96.00 1.25 -- -- 42.86 -- -- -- --
I-6-ITF-6 3 39.95 95.99 1.25 -- -- 42.86 -- -- -- --
1-6-ITF-7 3 39.47 95.25 1.23 -- -- 42.86 -- -- -- --
I-6-ITF-8 3 39.47 95.55 1.23 -- -- 42.86 -- -- -- --
1-6-ETF-1 1 13.32 96.07 1. 25 -- -- 42.86 -- -- -- --
I-6-ETF-2 1 13.33 96.73 1. 25 -- -- 42.86 -- -- -- --
1-6-ETF-5 3 39.89 95.94 1. 25 -- -- 42.86 -- -- -- --
1-6-ETF-6 3 39.89 96.35 1. 25 -- -- 42.86 -- -- -- --
I-6-ETF-7 3 40.00 96.53 1. 25 -- -- 42.86 -- -- -- --
I-6-ETF-8 3 39.47 95.24 1. 23 -- -- 42.36 -- -- -- --
I-o -IOF-1 1 21.28 148.89 2.00 59.77 38.16 33.46 0.329 1.353 1.201 1.458 
1-6"-IOF-2 1 21.74 149.09 2.04 59.93 38.16 33.46 0.315 1.285 1.145 1.384 
1-6"-IOF-5 3 65.22 152.30 2.04 60.91 38.16 33.46 0.322 1.327 1.179 1.432 
1-6 .. -IOF-6 3 65.22 149.15 2.04 59.87 38.16 33.46 0.315 1.290 1.147 1.389 
TABLE B.2 
PARAMETERS AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Parameters and Sectional Properties 
Specimen 
FY' in ft.w, in Sx• in S~, in S" in No. x• N, in N/t h/t R/t w/t (w/t) 1 . kips per square cubic cubic cubic 
[inches 
~m square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
I-6"-EOF-1 1 21.28 149.51 2.00 59.79 38.16 33.46 0.331 -- -- --
1-6"-EOF-2 1 21.74 148.52 2.04 60.61 38.16 33.46 0.315 -- -- --
I-6"-EOF-5 3 65.22 149.63 2.04 60.70 38.16 33.46 0.316 -- -- --
1-6"-EOF-6 3 65.22 152.46 2.04 61.57 38.16 33.46 0.322 -- -- --
1-6"-1TF-l 1 21.74 152.09 2.04 -- -- 33.46 -- -- -- --
1-6"-1TF-2 1 21.51 150.24 2.02 -- -- 33.46 -- -- -- --
I-6"-1TF-c 3 65.22 152.17 2.04 -- -- 33.46 -- -- -- --
1-6"-1TF-Ji 3 65.22 152.20 2.04 -- -- 33.46 -- -- -- --
1-6"-ETF- 1 21.28 147.30 2.00 -- -- 33.46 -- -- -- --
1-6"-ETF-2 1 21.74 151.59 2.04 -- -- 33.46 -- -- -- --
1-6"-ETF-5 3 65.22 152.49 2.04 -- -- 33.46 -- -- -- --
1-6"-ETF-6 3 65.22 152.26 2.04 -- -- 33.46 -- -- -- --
1-9-10F-1 1 21.51 148.30 2.02 70.56 38.16 33.46 0.321 1.317 1.176 1.436 
I-9-IOF-2 1 21.74 150.28 2.04 70.93 38.16 33.46 0.318 1.316 1.175 1.434 
I-9-10F-5 3 65.22 149.48 2.04 71.24 38.16 33.46 0.316 1.299 1.161 1.416 
I-9-IOF-6 3 65.93 150.75 2.06 72.13 38.16 33.46 0.312 1.285 1.148 1.402 
1-9-EOF-1 1 21.74 148.30 2.04 71.15 38.16 33.46 0.314 -- -- --
1-9-EOF-2 1 21.74 149/98 2.04 70.93 38.16 33.46 0.318 -- -- --
l-9-EOF-5 3 65.22 150.22 2.04 71.61 38.16 33.46 0,318 -- -- --
I-9-EOF-6 3 65.22 148.78 2.04 71.24 38.16 33.46 0.315 -- -- --
I-12-10F-1 1 19.80 145.19 1.86 25.35 30.10 53.79 0.371 1.147 1.073 1.147 
I-12-IOF-2 1 19.42 142.64 1. 82 25.13 30.10 53.79 0.378 1.179 1.100 1.179 
I-12-IOF-5 3 59.41 145.88 1. 86 24.93 30.10 53.79 0.372 1.146 1.075 1.146 
1-12-IOF-6 3 58.82 143.73 1. 84 25.04 30.10 53.79 0.374 1.156 1.081 1.156 
TABLE B.2 
PARAMETERS AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Parameters and Sectional Properties 
Specimen 
Fy, in Aw· in Sx, in s~. in S" in No. X' N, in N/t h/t R/t w/t (w/t) 1 . kips per square cubic cubic cubic 
inches 
1m 
square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
I-12-EOF-1 1 19.16 143.98 1.84 25.53 30.10 53.79 0.374 -- -- --
l-12-EOF-2 1 19.80 145.43 1.86 25.96 30.10 53.79 0,371 -- -- --
l-12-EOF-5 3 58.82 143.78 1.84 25.65 30.10 53.79 0.374 -- -- --
I-12-EOF-6 3 58.82 143.28 1.84 25.37 30.10 53.79 0.372 -- -- --
I-12-IOF-5 3 27.78 49.39 1.01 32.79 32.66 45.68 0.576 2.901 2.118 2.901 
l-12LIOF-6 3 28.04 49.40 1.02 32.93 32.66 45.68 0,_,5_65 2.831 2.072 2 .. 8J1 
I-12-EOF-5 3 27.78 48.95 1.01 32.45 32.66 45.68 0.571 -- -- --
l-12LEOF-6 3 27.91 49.42 1.02 32.64 32.66 45.68 0.571 -- -- --
l-12'-1TF-5 3 27.78 49.07 1.01 -- -- 45.68 -- -- -- --
1-12'-1TF-6 3 27.78 48.93 1.01 -- -- 45.68 -- -- -- --
1-12'-ETF-5 3 27.78 49.01 1.01 -- -- 45.68 -- -- -- --
1-12'-ETF-6 3 27.78 49.02 1.01 -- -- 45.68 -- -- -- --
1-16-10F-l 1 19.80 78.08 1.86 45.82 30.10 53.79 0.204 0.600 0.516 0.600 
1-16-10F-2 1 19.80 77.90 1.86 45.82 30.10 53.79 0.204 0.603 0.517 0.603 
1-16-10F-5 3 60.00 77.84 1.88 45.86 30.10 53.79 0.196 0.585 0.504 0.585 
1-16-10F-6 3 58.82 73.98 1.84 45.06 30.10 53.79 0.203 0.600 0.511 0.600 
1-16-EOF-1 1 18.87 73.08 1.77 43.55 30.10 53.79 0.205 -- -- --
1-16-EOF-2 1 19.80 77.09 1. 86 45.92 30.10 53.79 0.196 -- -- --
1-16-EOF-5 3 58.82 76.41 1. 84 45.31 30.10 53.79 0.198 -- -- --
1-16-EOF-6 3 58.82 77.20 1. 84 45.47 30.10 53.79 0.201 -- -- --
1-U-17-EOF-5 3 61.22 99.02 0.959 26.06 10.51 36.26 0.237 -- -- --
1-U-17-EOF-6 3 61.22 97.61 0.959 26.08 10.51 36.26 0.234 -- -- --
1-U-18-EOF-5 3 61.86 196.78 0.959 41.30 10.51 36.26 0.463 -- -- --
1-U-18-EOF-6 3 61.22 194.76 0.959 41.27 10.51 36.26 0.467 -- -- ---
TABLE B·. 2 
PARAMETERS AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS HAVING UNREINFORCED WEBS 
(Continued) 
Parameters and Sectional Properties 
Specimen 
Fy, in Aw, in Sx, in S~, in S" in No. X' N, in N/t h/t R/t w/t (w/t) 1 . kips per square cubic cubic cubic 
inches 
1m square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
I-1-IOF-1 1 20.83 205.92 2.60 27.04 33.35 43.82 0.474 2.616 2.592 2.616 
I-1-IOF-2 1 20.83 207.31 2.60 26.21 33.35 43.82 0.478 2.632 2.610 2.632 
I-1-IOF-5 3 61.86 203.69 2.58 25.90 33.35 43.82 0.479 2.627 2.606 2.6Zl 
I-1-IOF-6 3 62.50 205.35 2.60 25.13 33.35 43.82 0.413 2.61) 2.589 2.613 
I-2-IOF-1 1 20.41 249.73 2.55 25.29 33.35 43.82 0.600 3.534 3.594 3.534 
I-2-IOF-2 1 20.00 245.26 2.66 25.30 33.35 43.82 0.613 3.594 3.658 3.594 
I-2-IOF-5 3 61.86 252.25 2.58 25.86 33.35 43.82 0.593 3.526 3.584 3.526 
I-2-IOF-6 3 60.00 245.20 2.50 25.66 33.35 43.82 0.613 3.593 3.656 3.593 
I-U-17-IOF-5 3 61.22 98.20 0.959 25.69 10.51 36.26 0.236 1.014 0.925 1.014 
I-U-17-IOF-6 3 61.22 99.06 0.959 26.06 10.51 36.26 0.237 1.010 0.926 1.010 
I-U-18-IOF-5 3 61.22 195.04 0.959 41.14 10.51 36.26 0.468 2.575 2.508 2.575 
I-U-18-IOF-6 3 61.22 194.65 0.959 41.59 10.51 36.26 0.467 2.583 2.510 2.583 
Notes: 1. 1 in. = 25.4 mrn; 1 ksi = 6.9 MN/m2 . 
2. For designation of specimens, see page 155. 
3. For designation of symbols, see page 157. 
4. Specimens 1-3-1TF-l to 1-3-1TF-6 and 1-3-ETF-1 to 1-3-ETF-6 are pilot tests. 
5. For specimens No. 1-U-17-10F-5 to 1-U-18-10F-6, the modified section moduli are based on the 
full area of cross-sections and section modulus of additional plates attached to the top and 
bottom flanges, in cubic inch. 
6. The pertinent parameters and sectional properties presented in this table are used in paper 2. 
TABLE B.3 
PARAMETERS AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS 
HAVING UNREINFORCED WEBS 
CORNELL TESTS 
Parameters and Sectional Properties 
Specimen (w/t) 
1
. FY' in ~, in Sx, in s~, in S" in No. N, in l.m X' 
inches N/t h/t R/t 
w/t kips per square cubic cubic cubic 
square inch inch inch inch inch 
(1 (2) (3) (4 (5) (6) (7) (8) (9) (10) (11) (12) 
la-1-IOF 1.25 27.17 170.17 51.43 38.90 32.20 0.360 1.390 1.525 
1b-1-IOF 2.5 54.35 170.17 51.43 38.90 32.20 0.360 1.390 1.525 
1c-1-IOF 3.5 76.09 170.17 51.43 38.90 32.20 0.360 1.J90 1.525 
2a-1-IOF 1.0 16.58 64.00 38.37 40.17 30.20 0.240 0.793 0.633 
2a-2-EOF 1.0 16.58 64.00 30.20 0.240 
2a-3-EOF 2.5 41.46 64.00 30.20 0.240 
2a-4-ITF 1.0 16.58 64.00 30.20 
2b-1-IOF 1.0 16.58 64.00 38.37 40.17 30.20 0.240 0.793 0.633 
2b-2-IOF 1.5 24.88 64.00 38.37 40.17 30.20 0.240 0.793 0.633 
2b-3-EOF 1.0 16.58 64.00 30.20 0.240 
2b-4-EOF 1.5 24.88 64.00 30.20 0.240 
2b-5-ITF 1.5 24.88 64.00 30.20 
2b-6-ETF 1.5 24.88 64.00 30.20 
- -I 0.17 30.20 0.231 0.639 0.435 
3-2-IOF 2.5 41.74 64.27 40.17 30.20 o.2:u 0.639 0.435 
3-3-ITF 2.5 41.74 64.27 30.20 
3-4-ETF 2.5 41.74 64.27 30.20 
4a-1-tOF 1.0 16.42 98.16 4LI, 93 40.17 30.20 0.364 1.523 1.293 
4a-2-IOF 1.5 24.63 98.16 411.93 40.17 30.20 0.364 1.523 1.293 
4a-3-EOF 1.0 16.42 98.16 30.20 0.364 
4a-4-ITF 1.0 16.42 98.16 30.20 
4a-5-ITF 1.5 24.63 98.16 30.20 
4a-6-ETF 1.0 16.42 98.16 30.20 



























PARAMETERS AND SECTIONAL PROPERTIES FOR vffiB CRIPPLING TESTS, I-SECTIONS 
HAVING UNREINFORCED WEBS 
CORNELL TESTS 
(Continued) 
Parameters and Sectional Properties 
(w/t) lim Fy, in Aw, in Sx, in N, in 
inches N/t h/t 
R/t w/t kips per square cubic 
square inch inch inch 
(2) (3) (4) (5) (6) (7) (8) (9) (10) 
1.5 24.63 98.16 -- -- -- 30.20 0.364 --
2.5 41.05 98.16 -- -- -- 30.20 -- --
2.5 41.05 98.16 -- -- -- 30.20 -- --
1.25 20.29 127.87 -- 49.57 35.86 37.90 0.485 2.119 
2.5 40.58 127.87 -- 49.57 35.86 37.90 0.485 2.119 
3.5 56.82 127.87 -- 49.57 35.86 37.90 0.485 2.119 
1.0 15.46 121.34 -- 42.68 36.15 37.30 0.508 2.293 
1.5 23.18 121.34 -- 42.68 36.15 37.30 0.508 2.293 
1.0 15.46 121.34 -- -- -- 37.30 0.508 --
1.5 23.18 121.34 -- -- -- 37.30 -- --
1.0 15.46 121.34 -- -- -- 37.30 -- --
1.5 23.18 121.34 -- -- -- 37.30 -- --
2.5 38.64 121.34 -- 42.68 36.15 37.30 0.508 2.293 
1.5 23.18 121.34 -- -- -- 37.30 0.508 --
2.5 38.64 121.34 -- -- -- 37.30 0.508 --
2.5 38. 6lf 121.34 -- -- -- 37.30 -- --
2.5 38.64 121.34 -- -- -- 37.30 -- --
1. 25 16.62 103.71 -- 35.89 36.90 35.80 0.586 2.809 
3.5 46.54 103. 71 -- 35.89 36.90 35.80 0.586 2.809 
2.5 33.11 103.96 -- 49.44 36.90 35.80 0.593 3.171 



















































PARAMETERS AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS 
HAVING UNREINFORCED WEBS 
CORNELL TESTS 
(Continued) 
Parameters and Sectional Properties 
(w/t)lim Fy, in Aw, in Sx, in N, in N/t h/t R/t w/t inches kips per square cubic square inch inch inch 
{2) (3) (4) (5) (6) (7) (8) (9) (10) 
1.0 9.350 34.82 -- -- -- 35.10 -- --
1.5 14.02 34.82 -- -- -- 35.10 -- --
1.0 9.346 34.82 -- -- -- 35.10 -- --
0.8 7.477 34.82 -- 19.22 37.26 35.10 0.398 1.240 
0.8 7.477 34.82 -- -- -- 35.10 0.398 --
1.0 9.350 34.82 -- -- -- 35.10 -- --
1.5 14.02 34.82 -- -- -- 35.10 -- --
2.5 23.36 34.82 -- -- -- 35.10 -- --
1.0 9.350 34.82 -- -- -- 35.10 -- --
1.5 14.02 34.82 -- -- -- 35.10 -- --
2.5 23.36 34.82 -- -- -- 35.10 -- --
1.0 9.240 52.72 -- 23.87 37.26 35.10 0 .. 617 2.528 
1.5 13.86 52.72 -- 23.87 37.26 35.10 0.617 2.528 
1.0 9.240 52.72 -- -- -- 35.10 0.6H --
1.0 9.240 52.72 -- -- -- 35.10 -- --
1.5 13.86 52.72 -- -- -- 35.10 -- --
1.0 9.240 52.72 -- -- -- 35.10 -- --
1.5 18.86 52.72 -- -- -- 35.10 -- --
3.0 27.73 52.72 -- 23.87 37.26 35.10 0.617 2.528 
1.5 13.86 52.72 -- -- -- 35.10 0.617 --
3.0 27.73 52.72 -- -- -- 35.10 0.611 --
2.5 23.11 52.72 -- -- -- 35.10 -- --
2.5 23.11 52.72 -- -- -- 35.10 -- --


















































PARAMETERS AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS 
HAVING UNREINFORCED WEBS 
CORNELL TESTS 
(Continued) 
Parameters and Sectional Properties 
(w/t)
1
. Fy, in Aw' in Sx, in N, in l.m 
inches 
N/t h/t R/t w/t kips per square cubic 
square inch inch inch 
(2) (3) (4) (5) (6) (7) (8) {9) (10) 
1.0 9.158 70.71 -- 23.38 36.69 36.20 0.843 3.778 
1.5 13.74 70.71 -- 23.38 36.69 36.20 0.843 3.778 
1.0 9.160 70.71 -- -- -- 36.20 0.843 --
1.0 9.160 70.71 -- -- -- 36.20 -- --
1.5 13.74 70.71 -- -- -- 36.20 -- --
2.5 22.54 69.68 -- 31.84 36.69 36.20 0.857 4.657 
1.5 13.53 69.68 -- -- -- 36.20 0.857 --
2.5 22.54 69.68 -- -- -- 36.20 0.857 --
2.5 22.54 69.68 -- -- -- 36.20 -- --
3.0 27.05 69.68 -- -- -- 36.20 -- --
l.O 7.452 27.51 -- 14.22 36.69 35.70 0.495 1.456 
1.0 7.452 27.51 -- -- -- 35.70 0.495 --
1.0 7.452 27.51 -- -- -- 35.70 -- --
1.5 11.18 27.51 -- -- -- 15.70 -- --
1.0 7.452 27.51 -- -- -- 35.70 -- --
1.5 ll. 1 R 27.51 -- -- -- lS. 70 -- --
1.5 1 1 • l B 27.51 -- 14.22 36.95 35.70 0.495 1.456 
1.5 11 . l ~ n. 51 -- -- -- 35.70 0.495 --
2.5 \fL f)) n.:; 1 -- -- -- 35.70 -- --















































































PARAMETERS AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS 
HAVING UNREINFORCED WEBS 
CORNELL TESTS 
(Continued) 
Parameters and Sectional Properties 
(w/t)lim FY' in Aw· in sx, in N, in 
inches 
N/t h/t R/t w/t kips per square cubic 
square inch inch inch 
(2) (3) (4) (5) (6) (7) (8) (9) (10) 
1.0 6.766 38.25 -- 16.33 38.37 33.10 0.835 3.218 
1.5 10.15 38.25 -- 16.33 38.37 33.10 0,835 3.218 
1.0 6.766 38.19 -- -- -- 33.10 0.840 --
1.0 6.766 38.19 -- -- -- 33.10 -- --
1.5 10.15 38.19 -- -- -- 33.10 -- --
1.0 6.766 38.19 -- -- -- 33.10 -- --
1.5 10.15 38.19 -- -- -- 33.10 -- --
2.5 16.91 38.19 -- 16.33 38.37 33.10 0.835 3.218 
1.5 10.15 38.19 -- -- -- 33.10 0.840 --
2.5 16.91 38.19 -- -- -- 33.10 0.840 --
2.5 16.91 38.19 -- -- -- 33.10 -- --
2.5 16.91 38.19 -- -- -- 33.10 -- --
1.0 6.790 52.10 -- 16.54 38.37 33.10 1.131 4.821 
1.5 10.18 52.10 -- 16.54 38.37 33.10 1.131 4.821 
1.0 6.790 52.10 -- -- -- 33.10 1.131 --
1.0 6.789 52.10 -- -- -- 33.10 -- --
1.5 10.18 52.10 -- -- -- 33.10 -- --
2.5 16.97 52.10 -- -- -- 33.10 -- --
2.5 16.97 52.10 -- 16.54 38.37 33.10 1.131 4.821 
1.5 10.18 52.10 -- -- -- 33.10 1.131 --
2.5 16.97 52.10 -- -- -- 33.10 1.131 --
3.0 20.37 52.10 -- -- -- 33.10 -- --















































TABLE B. -3 
PARAMETER AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTION 
HAVING UNREINFORCED WEBS 
CORNELL TESTS 
(Continued) 
Parameters and Sectional Properties 
(w/t)lim Fy, in Aw' in sx, in N, in 
inches N/t h/t R/t w/t kips per square cubic square inch inch inch 
(2) (3) (4) (5) (6) {7) (8) (9) (10) 
1.5 32.61 172.35 -- 22.09 38.90 32.20 0.364 --
2.5 54.35 172.35 -- 22.09 38.90 32.20 0~364 --
3.5 76.09 172.35 -- 22.09 38.90 32.20 0,364 --
1.0 21.74 172.35 -- -- -- 32.20 -- --
2.5 54.35 172.35 -- -- -- 32.20 -- --
1.0 21.74 172.35 -- -- -- 32.20 -- --
2.5 54.35 172.35 -- -- -- 32.20 -- --
1.0 21.74 172.35 -- -- -- 32.20 0.364 --
2.5 54.35 172.35 -- -- -- 32.20 0.364 --
1. 25 16.56 103.70 -- 15.21 36.90 35.80 0.591 1.936 
2.5 33.11 103.70 -- 15.21 36.90 35.80 0.591 1.936 
3.5 46.36 103.70 -- 15.21 36.90 35.80 0.5.91 1.936 
1.0 13.25 103.70 -- -- -- 35.80 -- --
2.5 33.11 103.70 -- -- -- 35.80 -- --
1.0 13.25 103.70 -- -- -- 35.80 -- --
2.5 33.11 103.70 -- -- -- 35.80 -- --
1.5 13.24 103.70 -- -- -- 35.80 0.591 --









































PARAMETER AND SECTIONAL PROPERTIES FOR WEB CRIPPLING TESTS, I-SECTIONS 
HAVING UNREINFORCED WEBS 
CORNELL TESTS 
(Continued) 
Parameters and Sectional Properties 
Specimen 
(w/t)lim Fy, in Ay, in Sx, in No. N, in 
inches N/t h/t R/t w/t kips per square cubic square inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
18a-1-ITF 1.0 12.20 63.85 -- -- -- 37.60 -- --
18a-2-ITF 2.5 20.33 63.85 -- -- -- 37.60 -- --
18a-3-ETF 1.0 8.130 63.85 -- -- -- 37.60 -- --
18a-4-ETF 2.5 20.33 63.85 -- -- -- 37.60 -- --
18b-1-EOF 1.0 8.130 63.85 -- -- -- 37.60 0.966 --
18b-2-EOF 2.5 20.33 63.85 -- -- -- 37.60 0.966 --
18c-l-IOF 1.0 8.130 63.85 -- 16.41 36.00 37.60 0.966 4.145 
18c-2-IOF 2.5 20.33 63.85 -- 16.41 36.00 37.60 0.966 4 145 
Notes: 1. 1 in. • 25.4 mm; 1 ksi • 6.9 MN/m2 
2. Specimens No. 1 through 18 were used for web crippling tests conducted at 
Cornell University. 
3. For designation of symbols, see page 155. 
4. For designation of symbols~ see page 158. 
5. The pertinent parameters and sectional properties presented in this table 






















PARAMETERS AND SECTIONAL PROPERTIES OF COMBINED WEB CRIPPLING AND BENDING TEST SPECIMENS 
SINGLE UNREINFORCED WEBS 
Specimen Parameters and Sectional 
Properties 
No. N, in N/t h/t R/t w/t (w/t)lim F ' in A ' in s , in S' in inches y w X x' 
kips per square cubic cubic 
square inch inch inch inch 
_il) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
SU-BC-1-1 3 65.22 101.78 1.359 37.96 38.16 33.46 0.215 0.644 0.637 
SU-BC-1-2 3 65.22 101.93 1.359 37.30 38.16 33.46 0.216 0.641 0.635 
SU-BC-1-3 3 65.22 100.76 1.359 37.17 38.16 33.46 0.213 0.634 0.677 
SU-BC-1-4 3 64.52 98.84 1. 344 36.75 38.16 33.46 0.218 0.637 0.679 
SU-BC-1-5 3 63.83 98.49 1.329 36.49 38.16 33.46 0.218 0.649 0.708 
SU-BC-1-6 3 65.22 100.15 1.359 37.26 38.16 33.46 0.212 0.634 0.691 
SU-BC-3-1 3 60.73 196.54 0.951 28.89 36.35 36.88 0.470 1. 707 1.806 
SU-BC-3-2 3 60.73 196.00 0.951 29.10 36.35 36.88 0.478 1. 730 1.833 
SU-BC-3-3 3 60.73 195.93 0.951 29.26 36.35 36.88 0.478 1. 733 1.872 
SU-BC-3-4 3 60.73 196.62 0.951 29.14 36.35 36.88 0.480 1. 742 1.882 
SU-BC-3-5 3 61.98 200.04 0.971 29.72 36.35 36.88 0.469 1.700 1.817 
SU-BC-3-6 3 60.73 196.52 0.951 29.10 36.35 36.88 0.480 1. 743 1.864 
SU-BC-15-1 3 60.00 145.96 1.562 58.80 30.10 53.79 0.365 1.514 1.564 
SU-BC-15-2 3 58.82 143.94 1.531 56.78 30.10 53.79 0.374 1.567 1.612 
SU-BC-15-3 3 58.82 143.55 1.531 57.41 30.10 53.79 0.373 1.558 l. 769 
SU-BC-15-4 3 60.00 146.62 1.562 58.80 30.10 53.79 0.367 1.531 1.732 
SU-BC-15-5 3 58.82 143.22 l. 531 57.39 30.10 53.79 0.373 1. 553 1.868 
SU-BC-15-6 3 57.69 139.63 1.502 56.27 30.10 53.79 0.378 1.567 1.889 
Notes: 1. 1 in. • 25.4 mm; 1 ksi = 6.9 MN/m2. 
2. For designation of specimens, see page 155. 
3. For designation of symbols, see page 156. 






















4. The pertinent parameters and sectional properties presented in this table are used in 




PARAMETERS AND SECTIONAL PROPERTIES OF COMBINED WEB CRIPPLING AND BENDING TEST SPECIMENS 
(I-SECTIONS, HAVING UNREINFORCED WEBS) 
Specimen 
Parameters and Sectional Properties 
No. N, in N/t h/t R/t w/t (w/t)lim F ' in A , in s in S' in inches x' y w x' 
kips per square cubic cubic 
square inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
I-BC-4-1 3 65.22 101.96 2.039 40.87 38.16 33.46 0.215 0.657 0.624 
I-BC-4-2 3 64.52 99.98 2.017 40.43 38.16 33.46 0.216 0.663 0.626 
1-BC-4-3 3 63.83 98.81 1.996 39.98 38.16 33.46 0.218 0.671 0.690 
I-BC-4-4 3 65.22 100.74 2.036 40.63 38.16 33.46 0.213 0.651 0.673 
1-BC-4-5 3 65.22 101.30 2.039 40.50 38.16 33.46 0.214 0.652 0.729 
1-BC-4-6 3 65.22 100.83 2.039 40.70 38.16 33.46 0.213 0.650 0.727 
1-BC-5-1 3 60.73 197.53 1.899 87.23 36.35 36.88 0.482 2.731 2.478 
1-BC-5-2 3 61.35 199.71 1. 918 88.54 36.35 36.88 0.477 2.751 2.457 
1-BC-5-3 3 60.12 195.55 1.880 86.46 36.35 36.88 0.487 2.802 2.875 
1-BC-5-4 3 60.00 194.82 1.876 86.60 36.35 36.88 0.487 2.762 2.874 
1-BC-5-5 3 60.73 197.96 1.899 87.19 36.35 36.88 0.483 2.732 3.157 
1-BC-5-6 3 60.73 198.72 1.899 87.09 36.35 36.88 0.485 2.750 3.177 
1-BC-6-1 3 59.52 48.10 1.861 28.44 36.35 36.88 0.122 0.292 0.243 
1-BC-6-2 3 60.73 49.21 1.899 28.96 36.35 36.88 0.120 0.288 0.239 
1-BC-6-3 3 60.73 48.44 1.899 29.16 36.35 36.88 0.118 0.284 0. 248 
1-BC-6-4 3 60.73 48.50 1.899 29.24 36.35 36.88 0.118 0.287 0.250 
1-BC-6-5 3 60.73 49.84 1.899 28.81 36.35 36.88 0.123 0.294 0.273 
1-BC-6-6 3 60.73 49.23 1.899 29.36 36.35 36.88 0.120 0.290 0.269 
1-BC-8-1 3 39.47 51.71 1.645 25.54 33.43 43.60 0.298 0.921 0.818 
1-BC-8-2 3 39.47 51.74 1.645 25.71 33.43 43.60 0.300 0.921 0.818 
1-BC-8-3 J 39.47 51.96 1.645 25.91 33.43 43.60 0.300 0.930 0.899 
I-BC-8-4 J 39.47 51.21 1. 645 25.42 33.43 43.60 0.296 0.902 0.875 
1-BC-8-5 J 40.00 52.24 1.667 25.79 33.43 43.60 0.294 0.904 0.976 
I-BC-8-6 3 39.47 51.50 1.645 25.30 33.43 43.60 0.297 0. 911 0.985 































PARAMETERS AND SECTIONAL PROPERTIES OF COMBINED WEB CRIPPLING AND BENDING TEST SPECIMENS 
(I-SECTIONS, HAVING UNREINFORCED WEBS) 
(Continued) 
Specimen Parameters and 
Sectional Properties 
No. N, in N/t h/t R/t w/t {w/t)lim 
F , in A , in s t in s• in S" in 
inches y w X x' x' 
kips per square cubic cubic cubic 
square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) {8) (9) (10) (11) (12) 
1-BC-9-1 3 39.47 100.50 1.645 25.84 33.43 43.60 0.580 2.235 2.268 2.235 
1-BC-9-2 3 39.47 100.57 1.645 25.59 33.43 43.60 0.581 2.231 2.266 2.231 
1-BC-9-3 3 39.47 100.58 1.645 25.66 33.43 43.60 0.581 2.229 2.409 2.229 
1-BC-9-4 3 39.47 100.55 1.645 25.70 33.43 43.60 0.581 2.234 2.414 2.234 
I-BC-9-5 3 40.00 101.29 1.667 26.28 33.43 43.60 0.570 2.185 2.430 2.185 
I-BC-9-6 3 40.00 101.61 1.667 26.17 33.43 43.60 0.571 2.202 2.448 2.202 
1-BC-9'-1 3 60.00 145.10 1.562 65.52 32.16 47.12 0.363 1.545 1.522 1.637 
1-BC-9'-2 3 58.82 142.25 1.531 64.43 32.16 47.12 0.370 1.579 1.556 1.670 
l-BC-9'-3 3 60.00 145.06 1.562 66.16 32.16 47.12 0.362 1.547 1. 730 1.638 
1-BC-9'-4 3 58.82 141.65 1.531 64.65 32.16 47.12 0.368 1.562 1. 957 1.650 
I-BC-9'-5 3 60.00 145.56 1.562 66.00 32.16 47.12 0.364 1.554 1.938 1.647 
1-BC-9'-6 3 58.82 141.65 1.531 64.65 32.16 47.12 0.368 1.564 1. 957 1.658 
I-BC-10-1 3 28.04 49.31 1.022 17.73 32.66 45.68 0.564 1.916 1.804 1.916 
I-BC-10-2 3 28.04 49.29 1.022 17.76 32.66 45.68 0.564 2.013 1.898 2.013 
I-BC-10-3 3 28.30 49.73 1.032 17.96 32.66 45.68 0.558 2.004 2.048 2.004 
I-BC-10-4 3 28.04 49.26 1.022 17.68 32.66 45.68 0.564 1. 911 1.955 1. 911 
I-BC-10-5 3 28.04 49.37 1.022 17.88 32.66 45.68 0.565 1.915 2.142 1.915 
I-BC-10-6 3 28.17 49.22 1.027 17.92 32.66 45.68 0.558 1.889 2.112 1.889 
TABLE B.5 
PARAMETERS AND SECTIONAL PROPERTIES OF COMBINED WEB CRIPPLING AND BENDING TEST SPECIMENS 
(I-SECTIONS, HAVING UNREINFORCED WEBS) 
(Continued) 
Specimen 
Parameters and Sectional Properties 
No. N, in N/t h/t R/t w/t (w/t)lim F ' in A ' in s ' in S' in S" in inches y w X x' x' kips per square cubic cubic cubic 
square inch inch inch inch inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
I-BC-13-1 3 27.52 95.57 1.147 41.68 32.66 45.68 1.136 7.720 7.255 7.720 
I-BC-13-2 3 28.04 98.13 1.168 42.26 32.66 45.68 1.123 7.620 7.200 7.620 
1-BC-13-3 3 28.17 98.40 1.174 42.71 32.66 45.68 1.116 7.520 7.545 7.520 
1-BC-13-4 3 27.78 97.13 1.157 42.13 32.66 45.68 1.133 7.735 7.730 7.735 
I-BC-13-5 3 27.52 96.15 1.147 41.75 32.66 45.68 1.142 7.805 8.360 7.805 
I-BC-13-6 3 28.04 98.13 1.168 42.50 32.66 45.68 1.123 7.630 8.210 7.630 
Notes: 1. 1 in. = 25.4 mm; 1 ksi = 6.9 MN/m2 . 
2. For designation of specimens, see page 155. 
3. For designation of symbols, see page 157. 







OF WEB ELEMENTS 
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A study was conducted to measure the deformed webs of beam 
specimens subjected to web crippling and combined bending and web 
crippling. This investigation involved the measurement of the 
lateral deformations of the web elements for various loading 
conditions at different loading increments. The deformations were 
plotted to obtain a visual record of the buckle wave. 
The lateral deformations of the web were measured to the nearest 
one thousandth of an inch (0.001 in.) by using five linear potentia-
meters. The potentiometers were spaced at 1-1/2 in. centers and were 
attached to a frame which could be adjusted to any position according 
to the grid lines plotted on the web (Fig. C.l). Results of tests 
indicate that the accuracy of the lateral displacement measurement 
apparatus is such that repeatability of the readings is assured. 
The potentiometers readings were recorded on a punched paper 
207 
tape utilizing a data acquisition system (Fig. C.2). This data was 
then interpreted and plotted by using a Wang Model 600 programable 
calculator, an X-Y plotter, and a paper tape reader (Fig. C.3). 
Typical profiles for the deformed web are shown in Figs. C.4-C.l5. 
These figures are discussed for beam webs subjected to web crippling 
load and for beam webs subjected to combined bending and web crippling. 
!E.AM WEBS SUBJECTED TO WEB CRIPPLING 
As discussed in the first and second papers, the web crippling 
test specimens for the one-flange loading were loaded with concentrated 
loads at the midspan of simply supported beams. The profiles of the 
web element were measured at the central portion of the beam for the 
interior one-flange loading condition and at the end portion of the 
beam for the end one-flange loading. 
Figure C.4 illustrates three vertical web profiles of Specimen 
No. I-6"-IOF-6 located beneath the bearing plate while Fig. c.s 
illustrates three horizontal web profiles of the same beams at D/5, 
D/2, and 6D/7 measured from the top of the compression flange. For 
the case of end one-flange loading condition Figs. C.6 and c.7 depict 
the vertical and horizontal web profiles of Specimen No. I-1-EOF-2 
at the end of the beam specimen. 
For the case of the interior two-flange loading condition 
and the end two-flange loading condition, Figs. C.B through C.ll 
show that the failures occurred at approximately the mid-depth of 
Specimen Nos. 1-1-ITF-2 and I-1-ETF-2. These deformations result 
from the two opposite concentrated loads applied at mid-length for 
the interior two-flange loading and at one end of the beam specimen 
for the end two-flange loading. 
!EAM WEBS SUBJECTED TO COMBINED BENDING AND WEB CRIPPLING 
The lateral deformations of beam webs subjected to combined 
bending and web crippling were investigated experimentally by 
measuring the deformations of the webs for the specimens discussed 
in the third and fourth papers. Typical plots of the lateral 
deformations in the vertical and horizontal directions for the beam 
webs are shown in Figs. C.l2 through C.l5. A study of these figures 
indicates that the presence of in-plane bending moment causes the web 
elements to buckle at a load lower than the web crippling strength 
and that the maximum deformation of webs occurred at approximately 
2D/7 measured from the top of the compression flange for Specimen No. 
SU-Bc~IS-6 and at approximately D/5 from the top compression flange 
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